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ABSTRACT 
After the discover)' of superconductivity in lanthanum cuprates the perovskite 
materials have received much interest. The existence of metal-insulator transition 
(MIT) in lanthanum-based manganites was established in early 1950s [1,2], and 
was extensively studied thereafter. This phenomenon has been observed in a 
I'amilx of doped manganites with perovskite structure of chemical formula 
Ri^ A^ MnO, (where R is a rare earth ion and A is divalent alkaline earth metal 
ion). The transition is associated with unusual transport properties, including a 
large value of magnetoresistance in the vicinity of the transition. These materials 
got intense scientific importance during the past few years in view of possible 
technological applications e.g. bolometer, magnetic sensors etc. The parent 
compound is a charge transfer insulator, with Mn^ ^ ions in different layers coupled 
among themselves antiferromagnetically via superexchange interaction. The Mn^ ^ 
ions (having electronic configuration tj^e^) within a layer are coupled 
ferromagnetically. 
The rare earth ion like La in LaMnOj exists in 3+ state whereas the oxygen 
has a valency of 2-. This implies that Mn has to exist in 3+ state to preserve the 
charge neutrality. On doping with divalent element such as Ca^ ,^ Sr^ ,^ Ba^ ^ or Pb^ "^  
some of the Mn^ "^  ions convert into Mn"^  (tl^) state creating holes in the e band. 
A Mn^ " -0^" -Mn'"^  network is thus formed. The metal-insulator transition in 
manganites has been traditionally attributed to the double exchange mechanism 
[3]. According to Zener in the double exchange model an electron jumps from 
Mn''" to Mn""^  via the oxygen ion, a process giving rise to conducfivity in 
manganites. It is worth mentioning here that the electron jumps only when spins of 
Mn^ "^  and Mn""^  are in the same direction. Tiie material becomes ferromagnetic 
with the onset of conductivity. The Mn 3d and oxygen 2p orbitals form an 
electronically active band. The bandwidth W depends on Mn-O-Mn angle 0 and 
Mn-0 bond distance (d^^^). The transition temperature (TJ increases when the 
bandwidth of the itinerant e electron band broadens. The fine tuning of W and T^  
can be done by an appropriate selection of the size of the ionic species at the rare 
earth site. This affects the bond angle 9 but not the bond length d^ ^ ^  due to the 
local disorder in the lattice [4]. On the other hand, the application of external 
hydrostatic pressure can modify both dj^_^Q and 0 [5]. It has been established that 
on the application of hydrostatic pressure, d,^ ^ Q is compressed and 6 opens up 
which enhances the bandwidth. 
The decrease in T^  has been observed on variation of oxygen concentration 
[6] as well as on substitution of heavier isotope of oxygen. Later on it was realized 
by Millis et al. [7,8] that the effective carrier-spin exchange interaction of the 
double exchange model is too weak to lead to any significant reduction of the 
electron bandwidth, and, hence it cannot account for the observed scattering rate 
or for the localization induced by slowly fluctuating spin configurations. In view 
of this shortcoming of double exchange model Millis et al. [7,8] suggested that the 
essential physics of provskite manganites lies in the strong coupling of carriers to 
the Jahn-Teller lattice distortion. They argued that in the high temperature state the 
electron phonon coupling constant A, is large (so the polarons become the carriers). 
As the temperature decreases, the growing ferromagnetic order increases the 
bandwidth and thus decreasing A. sufficiently for metallic behaviour to occur 
below the Curie temperature, T ,^ in accordance with polaron theory [9]. A giant 
isotope effect [10], the sign anomaly of Hall effect, and the Arhenius behaviour of 
the drift and Hall mobilities [II] over a temperature range from 2T^ to 4T^ 
confirmed the polaronic nature of carriers in manganites. Polaron hopping 
transport accounts satisfactorily for resistivity in the paramagnetic phase. 
There are a lot of possibilities of technological applications of these 
materials due to their interesting properties mentioned above. In view of this fact 
many new experiments are being performed and new materials with similar 
properties searched for a precise understanding of the origin and the mechanism of 
these effects. Generally, in manganites Mn exists in three charge states: Mn^ ^ , 
Mn^ "^  and Mn"*^  in orthorhombically distorted octahedra with 3d', Sd** and 3d^  
configurations respectively. The doping of a divalent cation at the rare earth site 
converts a proportionate amount of Mn^ * ions into Mn'*'^ . On the other hand if a 
tetravalent ion is doped, a proportionate amount of Mn^^ ions is likely to be 
converted into divalent state i.e. Mn^ *. 
There are a few reports [12-20] on using Ce ion, believed to be in the 
tetravalent state, for substitution at the rare earth site. This gives the electron 
doped colossal magnetoresistance materials with Mn in a mixed valence state of 
Mn^ ^ and Mn^^ analogous to electron doped high-T^ superconductor 
Ndj.^ Ce^CuO .^ Most of these studies are concentrated on Laj^Ce^MnOj (x=0.2 and 
0.3). Mandal and Das [14] initiated work on such type of compounds in 1997. 
They studied transport properties of Ce doped RMnOj (R = La, Pr, Nd) 
manganites. Later on some reports appeared also on thin films [16,20] of 
Lag^Ce^jMnOj and LaggCeo^MnOj. But these workers reported a double transition 
in resistivity versus temperature plot in bulk samples. Initially no reason was 
assigned for the same, but subsequent reports pointed out that some amount of 
CeO^ remains unreacted and La, Ce MnO, is a mixture of La deficient LaMnO, 
2 1-x X 3 3 
and CeOj. These workers compared the x-ray diffraction patterns of 
Lap^CeQ3Mn03 and CeO^ and showed that the three most intense peaks of CeO, 
are also present in La^^Ce^jMnOj [18,19], on the basis of which they concluded 
that Laj^Ce^MnOj could not form in single-phase form under the preparation 
conditions employed. 
In the light of these reports we undertook the synthesis of a series of 
Laj^Ce^MnOj (x-0.0 to 1.0) to have a detailed study of structural, electronic and 
magnetotransport behaviour. We have also grown the thin films for a few of these 
compositions to observe the difference in structural and transport properties in 
bulk and thin film forms of the same composition. The question has been raised as 
to whether the double exchange mechanism is still operative when a tetravalent 
ion instead of a divalent ion is used for the doping, causing an electron doping 
similar to that in high T^  superconductors, as already stated. If Ce ions in 
La, Ce MnO, exist in tetravalent state, Mn^ "^  ions could be formed and the 
I-x X 3 ' 
electron-like charge carriers would be responsible for the metallic conductivity 
and ferromagnetism. Therefore, it is essential to know the valence state of Ce and 
Mn ions to understand the nature of charge carriers and the related physics in 
La, Ce MnO,. We have investigated the valence state of Mn and Ce in 
l-x X 3 ci 
Lag^Ce^jMnOj using x-ray absorption study at Mn L^^ ^ ^^54 edges. We also 
performed the x-ray absorption at 0-K edge for a comparative study of the hole 
and the electron doped LaMnOj. 
The term colossal magnetoresistance is used when the value of 
magnetoresistance is very large. This large value being obser\ed at very high 
magnetic field and low temperatures, the applicability of these materials is 
considerably restricted. All attempts to enhance the magnetoresistance in single 
phase homogeneous manganite compounds ai low fields and at room temperature 
have not been very successful so far. This has shifted the activity in this field to 
the emphasis on manipulating the composition of manganites to achieve the said 
objective. 
Some earlier work on superlattices [21] involving manganite layers 
indicates that the incorporation of interfaces, presumably leading to the strain 
gradients, cause enhancement of magnetoresistance at low fields, though at low 
temperatures. Several recent studies on polycrystalline thin films of manganite 
materials seem to reinforce this suggestion. As discussed earlier, hydrostatic 
pressure produces some sort of strain in the lattice and modifies the electronic and 
magnetic properties of manganites [5]. The swift heavy ion irradiation (SHI) 
introduces a type of permanent strain in the lattice and offers a possibility of 
tailoring the properties. A few studies on hole doped manganites have been made 
to investigate this effect [22,24]. In one such report on La^ , ^Ca^ ^ jMnOj film the 
transition temperature (TJ has been found to rise considerably on irradiation with 
250 MeV Ag ion beam [25]. The resistivity is also affected and it shows a marked 
decrease. It was also observed that at lower dose values the lattice releases strain 
in the thin film thereby increasing transition temperature. However, at higher dose 
values, defects are generated in the film, affecting remarkable changes in electrical 
and magnetic properties [22,24]. As of today there is no literature on the influence 
of SHI on the physical parameters of electron doped La,^Ce^MnO,. With an aim to 
have an improved understanding of these phenomena, we irradiated the thin films 
of Laj^Ce^MnOj (x=0.3 and 0.5) with 200 MeV Au ion beam with different dose 
values. The XRD and resistivity measurements were done on the irradiated thin 
films to study the effect of irradiation. 
This thesis consists of five chapters. 
Chapter 1 gives a brief account of the historical background of CMR 
materials and deals with various theoretical models used to interpret their 
properties. 
Chapter 2 deals with different experimental techniques used for the 
characterization of samples. These include x-ray diffraction (XRD), x-ray 
absorption study (XAS), resistivity, magnetoresistance and swift heavy ion 
irradiation. 
Chapter 3 is devoted to the structural analysis of bulk samples and thin 
films of La,_^Ce^Mn03 (x=0.0 to 1.0). A detailed study has been done on how the 
structure of LaMnOj changes on doping with Ce up to the end member of the 
series (CeMnOj) using powder x-ray diffraction. The electronic structure studies 
have been made using x-ray absorption measurement at 0-K, Mn-Lj ^ and Ce-Mj ^  
edges. Effects of irradiation on the structural aspect have been also discussed in 
this chapter. 
Chapter 4 consists of results on electronic and magneto-transport of bulk 
samples. The resistivity versus temperature plots of Lai.xCexMnOs (x = 
0.2,0.3,0.5) exhibit a single peak metal-insulator transition. This is contrary to the 
observations of other workers on this system, where they reported a double peak 
transition and associated the second peak with impurity phase. We also observe a 
higher transition temperature as compared to that reported by earlier workers. 
These samples also show magnetic transition from antiferromagnetic to 
ferromagnetic state on cooling. The value of magneto-resistance measured in a 
low field of 0.2T is found to increase with decrease in temperature and it reaches 
to more than 20% at the lowest temperature of measurement. On irradiating the 
thin film of LaoyCeo3Mn03 with swift heavy ion beam, we observe increase in 
transition temperature and a decrease in resistivity at moderately low fluence 
values. But at higher fluence values the transition temperature is found to 
decrease with overall increase in resistivity and the temperature dependence of 
resistivity plot indicates to the multiphase formation. 
In Chapter 5 we summarize our experimental results and analysis. On the 
basis of these results we conclude that Ce doped LaMnOs can be formed in single 
phase if suitable conditions are applied during the synthesis. Ce exists in a 
intermediate valence state of 3+ and 4+ in Ce doped LaMnOs.Our results of 
powder x-ray diffi-action and temperature dependence of resisitivity performed on 
irradiated samples suggest that the swift heavy ion irradiation can be used as a 
productive technique to modify the structural and electronic transport properties of 
manganites. 
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Introducfion 
After the discovery of superconductivity in lanthanum cuprates the 
perovskite materials have received much interest. The existence of metal-insulator 
transition (MIT) in lanthanum-based manganites was established in early 1950s 
[1,2], and was extensively studied thereafter. This phenomenon has been observed 
in a family of doped manganites with perovskite structure of chemical formula 
R,^ A^ MnOj (where R is a rare earth ion and A is divalent alkaline earth metal 
ion). The transition is associated with unusual transport properties, including a 
large value of magnetoresistance in the vicinity of the transition. These materials 
got intense scientific importance during the past few years in view of possible 
technological applications e.g. bolometer, magnetic sensors etc. The parent 
compound is a charge transfer insulator, with Mn^ ^ ions in different layers coupled 
among themselves antiferromagnetically via superexchange interaction. The Mn^ ^ 
ions (having electronic configuration tj^e^) within a layer are coupled 
ferromagnetically. 
The rare earth ion like La in LaMnOj exists in 3+ state whereas the oxygen 
has a valency of 2-. This implies that Mn has to exist in 3+ state to preserve the 
charge neutrality. On doping with divalent element such as Ca^ % Sr-\ Ba^ ^ or Pb^ ^ 
some of the Mn^ "^  ions convert into Mn"*^  (tl^) state creating holes in the e^  band. 
A Mn^ ^ -0^" -Mn""^  network is thus formed. The metal-insulator transition in 
manganites has been traditionally attributed to the double exchange mechanism 
[3]. According to Zener in the double exchange model an electron jumps from 
Mn^ ^ to Mn''* via the oxygen ion, a process giving rise to conductivity in 
manganites. It is worth mentioning here that the electron jumps only when spins of 
Mn '^ and MiT** are in the same direction. The material becomes ferromagnetic 
with the onset of conductivit>\ The Mn 3d and oxygen 2p orbitals form an 
electronically active band. The bandwidth W depends on Mn-O-Mn angle 0 and 
Mn-0 bond distance (d^^g). The transition temperature (TJ increases when the 
bandwidth of the itinerant e electron band broadens. The fine tuning of W and T^  
can be done by an appropriate selection of the size of the ionic species at the rare 
earth site. This affects the bond angle 0 but not the bond length d^^^ due to the 
local disorder in the lattice [4]. On the other hand, the application of external 
hydrostatic pressure can modify both dj^ ^^ and 9 [5]. It has been established that 
on the application of hydrostatic pressure, d^ ^ ^ is compressed and 0 opens up 
which enhances the bandwidth. 
The decrease in T^  has been observed on variation of oxygen concentration 
[6] as well as on substitution of heavier isotope of oxygen. Later on it was realized 
by Millis et al. [7,8] that the effective carrier-spin exchange interaction of the 
double exchange model is too weak to lead to any significant reduction of the 
electron bandwidth, and, hence it cannot account for the observed scattering rate 
or for the localization induced by slowly fluctuating spin configurations. In view 
of this shortcoming of double exchange model Millis et al. [7,8] suggested that the 
essential physics of provskite manganites lies in the strong coupling of carriers to 
the Jahn-Teller lattice distortion. They argued that in the high temperature state the 
electron phonon coupling constant X is large (so the polarons become the carriers). 
As the temperature decreases, the growing ferromagnetic order increases the 
bandwidth and thus decreasing A, sufficiently for metallic behaviour to occur 
below the Curie temperature, T , in accordance with polaron theory [9]. A giant 
isotope effect [10], the sign anomaly of Hall effect, and the Arhenius behaviour of 
the drift and Hall mobilities [11] over a temperature range from 2T^ to 4T^ 
confirmed the polaronic nature of carriers in manganites. Polaron hopping 
transport accounts satisfactorily for resistivity in the paramagnetic phase. 
There are a lot of possibilities of technological applications of these 
materials due to their interesting properties mentioned above. In view of this fact 
many new experiments are being perfomied and new materials with similar 
properties searched for a precise understanding of the origin and the mechanism of 
these effects. Generally, in manganites Mn exists in three charge states: Mn^ ^ , 
Mn^ ^ and Mn"** in orthorhombically distorted octahedra with 3d^ 3d'' and 3d^  
configurations respectively. The doping of a divalent cation at the rare earth site 
converts a proportionate amount of Mn^ "^  ions into Mn'"^ . On the other hand if a 
tetravalent ion is doped, a proportionate amount of Mn^ "^  ions is likely to be 
converted into divalent state i.e. Mn^ .^ 
There are a few reports [12-20] on using Ce ion, believed to be in the 
tetravalent state, for substitution at the rare earth site. This gives the electron 
doped colossal magnetoresistance materials xsith Mn in a mixed valence state of 
Mn^ ^ and Mn^ "^  analogous to electron doped high-T^ superconductor 
Nd, Ce CuO.. Most of these studies are concentrated on La, Ce MnO, (x=0.2 and 
0.3). Mandal and Das [14] initiated work on such type of compounds in 1997. 
They studied transport properties of Ce doped RMnOj (R = La, Pr, Nd) 
manganites. Later on some reports appeared also on thin films [16,20] of 
Lag^Ce^jMnOj and LaggCe^jMnOj. But these workers reported a double transition 
in resistivity versus temperature plot in bulk samples. Initially no reason was 
assigned for the same, but subsequent reports pointed out that some amount of 
CeO, remains unreacted and La|^Ce^Mn03 is a mixture of La deficient LaMnOj 
and CeO^. These workers compared the x-ray diffraction patterns of 
La^  C^CQ jMnOj and Ce02 and showed that the three most intense peaks of CeO^ 
are also present in La^^Ce, ,MnO, [18.19], on the basis of which they concluded 
that Lai^Ce^MnO, could not form in single-phase form under the preparation 
conditions employed. 
In the light of these reports we undertook the synthesis of a series of 
Laj^Ce^MnOj (x=0.0 to 1.0) to have a detailed study of structural, electronic and 
magnetotransport behaviour. We have also grown the thin films for a few of these 
compositions to observe the difference in structural and transport properties in 
bulk and thin film forms of the same composition. The question has been raised as 
to whether the double exchange mechanism is still operative when a tetravalent 
ion instead of a divalent ion is used for the doping, causing an electron doping 
similar to that in high T^  superconductors, as already stated, if Ce ions in 
La, Ce MnO, exist in tetravalent state, Mn^ "^  ions could be formed and the 
l - x X 3 ' 
electron-like charge carriers would be responsible for the metallic conductivity 
and ferromagnetism. Therefore, it is essential to know the valence state of Ce and 
Mn ions to understand the nature of charge carriers and the related physics in 
Laj^Ce^MnOj. We have investigated the valence state of Mn and Ce in 
Lag^CeQjMnOj using x-ray absorption study at Mn L^^ & Ce,^ edges. We also 
performed the x-ray absorption at 0-K edge for a comparative study of the hole 
and the electron doped LaMnOj. 
The term colossal magnetoresistance is used when the value of 
magnetoresistance is very large. This large value being observed at very high 
magnetic field and low temperatures, the applicability of these materials is 
considerably restricted. All attempts to enhance the magnetoresistance in single 
phase homogeneous manganite compounds at low fields and at room temperature 
have not been very successful so far. This has shifted the activity in this field to 
the emphasis on manipulating the composition of manganites to achieve the said 
objective. 
Some earlier work on superlattices [21] involving manganite layers 
indicates that the incorporation of interfaces, presumably leading to the strain 
gradients, cause enhancement of magnetoresistance at low fields, though at low 
temperatures. Several recent studies on polycrystalline thin films of manganite 
materials seem to reinforce this suggestion. As discussed earlier, hydrostatic 
pressure produces some sort of strain in the lattice and modifies the electronic and 
magnetic properties of manganites [5]. The swift heavy ion irradiation (SHI) 
introduces a type of permanent strain in the lattice and offers a possibility of 
tailoring the properties. A few studies on hole doped manganites have been made 
to investigate this effect [22,24]. In one such report on La^  ^ jCa^ , ^ jMnOj film the 
transition temperature (TJ has been found to rise considerably on irradiation with 
250 MeV Ag ion beam [25]. The resistivity is also affected and it shows a marked 
decrease. It was also observed that at lower dose values the lattice releases strain 
in the thin film thereby increasing transition temperature. However, at higher dose 
values, defects are generated in the film, affecting remarkable changes in electrical 
and magnetic properties [22,24]. As of today there is no literature on the influence 
of SHI on the physical parameters of electron doped L&^JZeMnO^. With an aim to 
have an improved understanding of these phenomena, we irradiated the thin films 
of La,^Ce^MnO, (x=0.3 and 0.5) with 200 MeV Au ion beam with different dose 
values. The XRD and resistivity measurements were done on the irradiated thin 
films to study the effect of irradiation. 
This thesis consists of five chapters. 
Chapter 1 gives a brief account of the historical background of CMR 
materials and deals with various theoretical models used to interpret their 
properties. 
Chapter 2 deals with different experimental techniques used for the 
characterization of samples. These include x-ray diffraction (XRD), x-ray 
absorption study (XAS), resistivity, magnetoresistance and swift heavy ion 
irradiation. 
Chapter 3 is devoted to the structural analysis of bulk samples and thin 
films of Laj^Ce^MnOj (x=0.0 to 1.0). A detailed study has been done on how the 
structure of LaMnOj changes on doping with Ce up to the end member of the 
series (CeMnOj) using powder x-ray diffraction. The electronic structure studies 
have been made using x-ray absorption measurement at 0-K, Mn-Lj ^ and Ce-M^^ 
edges. Effects of irradiation on the structural aspect have been also discussed in 
this chapter. 
Chapter 4 consists of results on electronic and magneto-transport of bulk 
samples. The resistivity versus temperature plots of Lai.xCexMn03 (x = 
0.2,0.3,0.5) exhibit a single peak metal-insulator transition. This is contrary to the 
observations of other workers on this system, where they reported a double peak 
transition and associated the second peak with impurity phase. We also observe a 
higher transition temperature as compared to that reported by earlier workers. 
These samples also show magnetic transition from antiferromagnetic to 
ferromagnetic state on cooling. The value of magneto-resistance measured in a 
low field of 0.2T is found to increase with decrease in temperature and it reaches 
to more than 20% at the lowest temperature of measurement. On irradiating the 
thin film of 1 .ao yCcojMnOs with swift heavy ion beam, we observe increase in 
transition temperature and a decrease in resistivity at moderately low fluence 
values. But at higher fluence values the transition temperature is found to 
decrease with overall increase in resistivity and the temperature dependence of 
resistivity plot indicates to the multiphase formation. 
In Chapter 5 we summarize our experimental results and analysis. On the 
basis of these results we conclude that Ce doped LaMnOs can be formed in single 
phase if suitable conditions are applied during the synthesis. Ce exists in a 
intermediate valence state of 3+ and 4+ in Ce doped LaMnOs.Our results of 
powder x-ray diffraction and temperature dependence of resisitivity performed on 
irradiated samples suggest that the swift heavy ion irradiation can be used as a 
productive technique to modify the structural and electronic transport properties of 
manganites. 
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Chapter 1 
Historical Background and theory of 
CMR materials 
12 
Introduction 
The emergence of the field of manganites is infact a rebirth as no 
noticeable development took place for nearly five decades after the results 
of the first investigations on these materials were reported in 1950 by 
Jonker [1] and van Santen [2]. They synthesized the 
Lai.xSr^MnOi and measured the temperature dependence of resistivity. The 
resurgence occurred in 1993 [3] when our scientific knowledge about the 
transition metal oxides (TMO) had become much advanced due to the 
vigorous research work carried out on high-T^ cuprates and related 
materials. These manganites have a general chemical formula 
R].xAxMn03 (where R is a trivalent rare earth and A is a divalent element 
like Ca, Sr, Pb). Rare earth occupies the A-site of the ABO3 structure while 
B site is occupied by Mn ions Fig. 1.1. 
In the physics of oxides the initial point is the state of transition 
metal ion that along with oxygen forms the electrically and magnetically 
active network. The basic difference between any two transition metal 
oxides (TMO) lies essentially in the charge and spin of the transition metal 
ion that they contain and the crystal field around the ion. In most of the 
TMO, the transition metal occupies the octahedral site with six oxygen ions 
as nearest neighbours thereby forming the MOe octahedra. The crystal field 
at the site of the TM ion splits its degenerate 3d orbital into orbitals with 
t2g (triplet) and eg (doublet) symmetries. A lattice distortion often can 
shorten the in-plane M-0 bonds and elongate the out of plane M-0 bonds. 
This introduces asymmetry in the structure, makes it more layer-structured, 
changes the site symmetry further and removes the degeneracy of the t2g 
and Cg orbitals. 
In the case of manganites (Mn^^, 3d'^ ) the Hund's rule energy is 
larger than crystal field splitting energy. The tig orbitals (with 3 electrons 
Fig. 1.1 The structure of a typical A BO 3 type compound. 
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and spin 3/2) form a core localized spin. The hole produced on account of 
doping of a divalent alkali earth ion at the rare earth site goes into the 
(3z^ -r-)orbital with spin parallel to the core spin as determined by Hund's 
rule. These manganites are ant {ferromagnetic and insulating at room 
temperature and make a transition to the ferromagnetic and metallic state 
on cooling for certain doping range (0.2 < x < 0.5). They also exhibit huge 
magnetoresisiance termed as colossal magnetoresistance (CMR) in the 
presence of a high magnetic field. This magnetoresistance peaks around the 
transition temperature (T^). The mechanism of a strong ferromagnetic 
interaction in the manganites arises from the double exchange (DE) 
phenomenon originally proposed by Zener [4]. It will be discussed in detail 
in section 1.2.1. 
However, Millis et al. [5-6] showed that the double exchange alone 
could not explain all the aspects of manganites. Polaron effect due to the 
strong electron-phonon interaction arising from the Jahn-Teller effect is 
also considered. 
1.1 Historical Background 
A fev/ years after the initial discovery in 1993, more reports 
appeared showing a huge change in the electrical resistivity of certain 
manganese oxides on application of a magnetic field [7-12]. This effect is 
generally known as magneto-resistance, but the resistivity change observed 
in these oxides was so large that it could not be compared with any other 
forms of magnetoresistance. The effect observed in these materials, the 
manganese perovskites (manganites), was hence termed as "colossal 
magneto-resistance"(CMR) to distinguish it from the giant magneto-
resistance (GMR) observed in magnetic multilayers. 
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The discovery first reported by researchers at Siemens in Germany 
and a little later by a group at Bell Labs in New Jersey, raised expectations 
of a new generation of magnetic devices and sensors. The manganites that 
display colossal magnetoresistance crystallize into a simple perovskite 
structure. The general chemical formula for manganites is RMnOs where R 
is rare earth like La. Pr, Nd etc. In lanthanum manganite (LaMnOs) both 
the lanthanum and manganese are trivalent cations, La^^ and Mn""^ . Their 
combined charge is entirely balanced by the oxygen ions. 
The simple perovskite compounds are insulators. The Mn ^ ion has 
four electrons in its outermost 3d shell, out of a possible ten. If this shell 
were full, five electrons would be spin-up, while other five would be spin 
down. The Hund's rule tells that the four electrons in a manganese ion 
should point in the same direction to minimize the electrostatic repulsion. 
The spin-up and spin-down states are therefore well separated in energy, 
and the four electrons occupy the spin state with the lowest energy. 
Electrostatic interactions between these four electrons and the 
neighbouring oxygen ions cause this single spin state to split into two sub-
energy levels Fig. 1.2. Three of the electrons form a triplet state at a lower 
energy, while remaining single electron occupies a doublet state at a higher 
energy. This single electron is unstable, however, and the system lowers its 
energy by splitting the doublet state into another two hyperfine energy 
levels. This well-known phenomenon is called the Jahn-Teller effect. 
Since both the triplet and singlet energy levels are fully occupied, in 
a pure manganite the solid material is an insulator. However, substituting a 
rare earth ion with a divalent alkaline element such as Ca^^ or Sr'* into 
some of the La ^ sites can modify the electronic properties. This doping 
changes some of the Mn^ ^ ions to Mn"^ ^ ions and creates holes in the singlet 
energy state. A wide range of electric, magnetic and structural properties 
s p i n - d o w n 
s t a t e 
sp in-up 
s ta te 
mobile 
electron 
local ized 
e lec t rons 
Fig. 1.2 The four electrons in the manganese ion have the same spin state- three occupy 
the low-lying triplet state and one occupies a doublet state. 
15 
have been observed by changing the concentration of charge carriers in 
perovskites such as Lai.xAxMnOs (A = Ca, Sr, etc.) where x is the fraction 
of doping. 
The properties of perovskite manganites such as Lai-xCaxMnOs and 
Lai.xSrxMnOs depend on the concentration of dopants, x, and the 
temperature. Depending on the doping level (x) and the temperature, these 
systems present different phases of conduction and complicated magnetic 
phase transitions. The changes in the electronic and magnetic properties of 
the manganites with the change in composition have been worked out in 
several systems. On the basis of these measurements typical phase 
diagrams are drawn. The phase diagrams for Ca and Sr doped systems of 
LaMnOs are shown in Fig. 1.3 (a) and 1.3(b). The material is always 
paramagnetic above the transition temperature. At lower temperatures 
ordering depends on the amount of doping. The undoped compound (x=0) 
is insulating and a layered antiferromagnet. On nominal doping with 
divalent alkaline elements like Ca, Sr, Ba (x < 0.2) complex structures are 
observed and under certain conditions the material can be a metallic 
ferromagnet. As the amount of doping is increased, the material becomes 
ferromagnetic below the Curie temperature. The ferromagnetic coupling is 
strongest at x = 0.3-0.4. the point at which the Curie temperature reaches 
its maximum value. The colossal magnetoresistance is observed typically 
close to the Curie temperature. At low doping (x < 0.2) the material 
behaves like a semiconductor, showing an increase in resistivity as the 
temperature is lowered. For increased doping, however, there is a tendency 
towards metallic conductivity, as observed for La2/3Sri/3Mn03 in the 
paramagnetic phase. In the high doping region (x > 0.5) an insulating and 
antiferromagnetic charge ordered state is formed which will be discussed in 
detail in section 1.3. 
Lai.xCoxMnOa 
PMM(?) 
10 20 30 AO 50 60 
% Sr 
Fig. 1.3 The temperature composition phase diagram ofLai.xAxMnOs (A= Ca,Sr). 
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The transition from the paramagnetic to the ferromagnetic state is 
also accompanied by a sudden reduction in the resistivity. Such a drop is 
well known in other ferromagnetic metallic systems and is caused by the 
transition from a state with spin disorder to one with ordered spin. Disorder 
causes charge carriers with different spin orientations to scatter from each 
other, increasing the resistivity. The same loss of resistivity should be 
observed in an applied magnetic field; since this aligns the electron spins 
and also prevents the scattering caused by spin disorder. Generally, 
magnetoresistance is defined as (pH-Po)/ Po, where PH is the resistivity in an 
applied magnetic field and po is the resistivity in the absence of a magnetic 
field. In normal ferromagnetic materials the magnetoresistance effect is just 
a few percent and in practical devices based on advanced magnetic 
multilayers it can raise to a few tens of percent. But the manganese 
perovskites have exhibited magnetoresistance values near about 100% in a 
magnetic field of few tesla. 
As discussed earlier, three of the electrons in the 3d orbital of the 
manganese ions form a triplet state at a lower energy. These electrons are 
treated as localized electrons that remain bound to the ion, and because 
their spin point in the same direction they have an overall magnetic 
moment of 3/2. While the electrons in the highest energy level are shared 
with the oxygen ions, forming an energy band that extends throughout the 
solid. The motion of charge carriers through this energy band and hence the 
conductivity of the material is largely controlled by the width of the band. 
This is determined by the overlapping of the manganese and oxygen 
orbitals, which in turn depends on the geometric arrangement of the ions. A 
large overlap creates wide band. For a given distance between the 
manganese and oxygen ions, the overlap is largest when the Mn-O-Mn 
bond angle is 180°. Such an arrangement is found in an ideal perovskite 
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structure in which manganese and six oxygen ions form a regular 
octahedron. But if the lanthanum is replaced with a smaller ion, the 
octahedron distorts and the bond angle becomes smaller. This decreases the 
overlap between the orbitals and narrows the energy band. Materials with 
narrow energy bands also show weaker ferromagnetic coupling, leading to 
a lower Curie temperature. 
The alignment of electron spins modifies the effective banduidth of 
manganites. It is easier for electrons to hop between Mn^/Mn'*'^ sites when 
the localized moments in neighbouring ions are aligned. Thus the effective 
bandwidth and the conductivity increase when the material becomes 
magnetically ordered below the Curie temperature. The ferromagnetic 
coupling in these materials is therefore transmitted via mobile carriers. 
When charge carriers are not free to move, the system is insulating and the 
interactions between the localized electrons induce antiferromagnetic order 
below the Ne'el temperature. 
Hydrostatic pressure stabilizes the ferromagnetic metallic state of 
Lai-xAxMnOa (i.e. it increases the Tc) [13-14]. There is a direct relationship 
between Tc and the average radius of A-site cation <rA> [15]; the Tc 
increases with <rA> [15-17]. Increasing <rA> has the same effect as 
increasing pressure. The effect of particle size on the electron transport and 
magnetic properties of Lao yCao.sMnOs has been investigated. Although Tc 
decreases with decreasing particle size, the magnetoresistance is insensitive 
to particle size [18-19]. Samples with different particle sizes prepared with 
different heat treatments were found to show large differences in their 
ferromagnetic transition temperature and the temperatures at which the 
metal-insulator transition took place [20]. In Lai.xCaxMnOs films, the 
magnetoresistance is strongly dependent on the film thickness and reaches 
a maximum around 100 nm [21]. A variety of investigations have been 
carried out on Lai.xAxMnOs films prepared by molecular beam epitaxy 
(MBE), pulsed laser deposition (PLD) and other techniques. An interesting 
memory effect is found in NdovSrosMnO? films [22]. The 1/f resistance 
noise measurements on thin films of (La,Y)i.xCaxMn03 show a 1/f power 
law across the M-I transition [23]. 
Electrical, magnetic and other measurements on l.aixAxMnO^ 
systems have revealed certain unusual features with respect to charge 
carriers in these oxides. For example, the manganites exhibit very high 
resistivity particularly at low temperatures (<100 K) [24]. The values of 
resistivity are considerably higher than Mott's maximum value of 
resistivity [25], the resistivity reaching a value of 10^-10'' ohm-cm in the 
so-called metallic state. The photoemission and related studies of 
Laj.xSrxMnOs [26-27] have provided valuable information on the electronic 
structure of the manganites. There is a negligible density of states near the 
Fermi level, even in the metallic state in these systems. Mn 2p resonant 
photoemission and 0 Is x-ray absorption studies have shown that the band 
gap collapses around Tc with an increase in the density of states near the 
Fermi level on cooling [28]. 
The Seebeck coefficient in several rare earth manganites shows a 
positive peak in the composition range (x ~ 0.3) and at a temperature where 
the magnetoresistance also peaks and becomes more negative with increase 
in Mn"*^  content [25]. Seebeck coefficient measurements in 
Lai-xSrxMnOs show a change in sign from positive to negative either at the 
M-I transition boundary or at T < Tc, depending on the composition. On the 
basis of the pressure dependence of the Seebeck coefficient it has been 
suggested that there is a crossover from a polaronic to an extended state 
electronic condition at Tc [29]. 
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The resistivity in the ferromagnetic regime of manganites has been 
investigated by a number of workers. Just below Tc, it varies rapidly with 
temperature. For T < 0.5 Tc. the variation is less rapid and is different from 
what is generally seen in a metallic ferromagnet. In general, for T < 0.2 Tc, 
a T dependence seems to make the major contribution. 
The application of magnetic field (up to 6 T) causes a significant 
decrease in the resistivity of Lai xA^MnO^ samples, particularly in 
compositions, where 0.1 < x < 0.5; these materials are generally 
ferromagnetic with well defined transition temperatures. The magnitude of 
the decrease of resistivity (i.e. MR) is highest in the region of transition 
temperature. The magnetoresistance in manganites is generally negative 
and highest around Tc or TJM- The substitution of other trivalent ions such 
as Fe^^ and Al^ ^ for Mn^' adversely affects the system, by lowering Tc and 
increasing the resistivity. A study of LaMni.xCrxOs (without doping with 
a divalent alkali) has shown that the substitution of isoelectronic Cr^^ in 
place of Mn"*^  makes the material a ferromagnetic insulator due to the Cr '-
0-Mn^^ superexchange interaction. But the material does not show any 
significant MR [30]. The Hall coefficient has been measured in epitaxial 
films of LaoeyCaossMnOs and Lao.eySrossMnOs grown by metal organic 
chemical vapor deposition technique (MOCVD) and the carrier 
concentration estimated. The values are higher than those calculated with 
the assumption that each Mn''^ contributes one hole and that all the holes 
are mobile [31], For the Sr doped samples, it is 2.1 holes/Mn and for Ca 
doped samples it is 0.9 holes/Mn. 
1.2 Theoretical Models 
The basis for the theoretical understanding of Mn oxides is usually 
the concept of the double exchange (DE) [4] that considers the exchange of 
electron between neighboring Mn'^ ^ and Mn'*^  sites with strong on-site 
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Hund's coupling. Attempts based on mean field treatments of a Kondo 
lattice model for DE [32] and a Hubbard-Kondo lattice model [33] have 
been made to account for the transport properties of Mn oxides. However, 
the sharp change in the resistivity and the CMR near Tc were not 
reproduced successfully in these reports. Perturbative calculations carried 
out by Millis et al. (5-6) showed that DE alone could not explain the 
experimental data of Mn oxides and suggested that a strong Jahn-Teller 
distortion should be responsible for the transport properties. Later on it was 
suggested that the localization effect [34-35] in the double exchange model 
based upon non-perturbative treatments might be able to account for the 
novel properties of manganites. Some numerical studies on this problem 
using the one-parameter scaling theory [36] indicate that the DE model 
alone would not be able to account for the experimental observations. 
1.2.1 The Double Exchange Model 
The magnetic and electronic properties have traditionally been 
examined within the framework of the double exchange model that 
considers the magnetic coupling between Mn^ "^  and Mn'^ ^ resulting from the 
motion of an electron between the two partially filled d shells with strong 
on-site Hund's coupling. 
All unpaired electrons within each atom or ion strive to attain the 
configuration of a lowered energy state in which, according to Hund's rule, 
all spins are parallel to one another. Since the conduction electrons carry 
along their own spins unchanged as they move from atom to atom, they are 
able to move within an environment of parallel spins only if the spins of all 
the incomplete d-shells point in the same direction. This indirect coupling 
via the conduction electrons will therefore lower the energy of the system 
when the spins of the d-shells are all parallel. This model also assumed that 
the direct coupling between incomplete d-shells always tends to align their 
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spins antiparallel. It was thereby predicted that ferromagnetism would 
never occur in the absence of conduction electrons. 
The pure LaMnO.^  shows the semiconducting property. When some of the 
La * ions are replaced b> divalent ions like Ca^ * ions it is necessary that a 
corresponding number of Mn^' ions be replaced by Mn''^ ions to preserve 
the charge neutralit>'. 
Then, if we define v|/, and v|/ ^ as follows 
vj/ I : Mn 0 ' "Mn 
H/jiMn'^O^'Mn'' 
Since \\i i and \\i 2 are degenerate functions, more exact waveforms will be 
obtained by taking the linear combinations 
w -^ ^ w \ + ^12, ^1 - = ^| \- w 2 •••• ( 1 - 1 ) 
The energy difference of these two linear combinations is represented by 
2 e;e being the exchange energy, given explicitly by 
e =1\|/,* (H- 6 0) M^2 d T (1.2) 
where H is the Hamiltonian of the whole system and eo is the energy 
associated with the initial states \\) 1 and \\i 2- The above integral known 
commonly as the exchange integral extends over the coordinates and the 
spins of all the electrons. The integral (1.2) is nonvanishing only if the 
spins of the two d-shells are parallel. The lowest energy of the system thus 
corresponds to a parallel alignment of electron spins in Mn^^ and Mn''^. It 
can be concluded that the lining up of the spins of adjacent incomplete d-
shells of the Mn ions will be accompanied by an increase in the rate of 
migration of Mn ^ ions and hence by an increase in the electrical 
conductivity. Further, it should be realized that a stationary state is 
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represented neither by \\i\ nor by \\i2, but by either of the two linear 
combinations as shown in (1.1). 
Depending upon the sign of the exchange integral (1.2) the double 
exchange raises the energy associated with v|;+, lowers the energy 
associated with \\i. or vice \ersa. Thus the energy of one of these two 
stationary states is lowered b\ the double exchange, which takes place 
when the d-shell spins are parallel. However, at low temperatures, 
regardless of the sign of the exchange integral, the energy of the system 
will be lowered by a parallel alignment of spins. The rale at which an 
electron jumps from a Mn''' ion across an intervening 0"" ion to an adjacent 
Mn ^ ion is given by the frequency v = 2 e/h 
The diffusion coefficient for the Mn'*"' ion is thus given by 
D = a^e/h ...(1.3) 
where a is the lattice parameter. From Einstein relation 
o = ne^D/kT 
where a = electrical conductivity 
D = diffusion coefficient 
n == no. of ions (Mn"^) per unit volume 
Electrical conductivity can be written as 
a - x e ^ e/ahkT ... (1.4) 
Here x is that fraction of Mn ions, which have 4+ charges. 
The Curie temperature Tc is approximately given as 
kTc=6 ...(1.5) 
From (1.4) and (1.5) 
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a = (xeVah)(T,/T) ...(1.6) 
This relation correlates the conductivity (CT) and the Curie temperature (Tc) 
for manganites. 
1.2.2 Jahn Teller Effect 
In addition to double exchange the Jahn-Teller type electron-phonon 
coupling plays an important role in transport properties of manganites. The 
Jahn-Teller theorem [37J states, "for a non-linear molecule in an 
electronically degenerate state, distortion must occur to lower the 
symmetry, remove the degeneracy, and lower the energy". In Mn oxides 
where two apical 0-atoms move towards the Mn ion, the energy of d3z2-r2 
becomes higher than that of dx2.^ 2 and the degeneracy is lifted. This is 
called the Jahn-Teller effect and is represented by the following 
Hamiltonian for a single octahedron 
HjT =-g (TxQ2 + T,Q3) ...(1.7) 
where (Q2, Q3) are the co-ordinates for the displacements of 0-atoms 
surrounding the transition metal atoms and g is the coupling constant. Tx, 
Tz are the x and z component of orbital pseudospin. When a crystal is 
considered, (Q2, Q3) should be generalized to (Q,2, Q,3) (i, the site index), 
which is represented as the sum of the phonon coordinates and the uniform 
component (u2, U3). Here, (U2. U3) describes the crystal distortion as a 
whole. 
In Lai.xAxMn03 the electrically active orbitals are the Mn 
dx2.y2 and d3z2-r2 orbitals (Fig. 1.4). The Hund's rule coupling is believed to 
be very strong relative to the d-d hopping and the spin-orbit coupling. So 
the spins of all of the d-electrons on a given site must be parallel. Three of 
the d-electrons go into the tightly bound core (dxy, dxz, dyz orbitals (Fig. 1.4) 
forming a core spin Sf of magnitude 3/2). to which the outer shell electron 
x 2 - y 2 
o r b i l Q l s 
z 
A 
K 
Z X 
Fig. 1.4 Five d orbitals ofMn. In the cubic field, this fivefold degeneracy is lifted to two Cg 
orbitals [(x^-y^) and (3^-r^)] and three Ijg orbitals [(xy), (yz) and (zx)J. 
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(which may hop from site to site) is aligned by the Hund's rule coupling. 
The Hamiitonian containing this physics is 
^ ^ . . . = - I ^ r < a ^ , * a -JH'Y.S'dLa^pd,,, . . . ( 1 . 8 ) 
<ij>a,b,a iaP 
Here a',^„creates an electron in an outer shell orbital state a,b = x^-y^ or 
'hz'-x" and spm a. Jn is the Hund's rule coupling parameter connecting the 
core spin to the outer shell electrons, t^ * is the transfer integral which 
depends on the direction of the bond ij and also on the pair of the two 
orbitals a, b = (x" - y^) or (3z" - r^). 
1.2.3 Electronic localization effect 
The manganites are modelled as systems with both DE off-diagonal 
disorder and non-magnetic diagonal disorder [34-35] with the help of 
scaling theory and assuming a mean field distribution for the spin 
orientation, the localization length of electron can be evaluated as a 
function of magnetization. The resisitivity in the variable range-hopping 
(VRH) regime is calculated as a function of temperature for different 
values of applied magnetic field. In the manganites, two features apart from 
the known spin disorder might be important for the electronic localization. 
The substitution of R"" with Ca, Ba, Sr may lead to a local potential 
fluctuation. A rough estimate [24] shows that this potential fluctuation may 
be comparable with the width of the Cg band. The other feature is the lattice 
distortion around A'^ ' and R"^^ due to their different ionic sizes. These two 
effects give rise to a rather strong nonmagnetic electron-impurity scattering 
potential. Based on the abovementioned considerations a Hamiitonian was 
proposed to describe the transport behaviour of the Cg electrons in 
manganites. 
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Here the first term is the effective DE Hamiltonian in which 
6 0 6 6 
/,, =/{cos(^)cos(^) + sin(^)sin(-^)exp[/(«?7, -(??,)]} ... (1.10) 
where t is the hoppini: integral in the absence of Hund's coupling and the 
polar angles (qi,. cp,) characterize the orientation of local spin Sj. 
1.2.4 Theory of current carrier density coilapse: 
The known relation between the magnetization and the transport 
below Te and the unusual magnetic ion dynamics have prompted the 
conclusion that polaronic hopping is the prevalent conduction mechanism 
below Tc [38]. Low temperature optical spectroscopy [39], electron energy 
loss spectroscopy (EELS) [40] and photoemission spectroscopy [41] 
showed that the idea of metallization of manganites below Tc is not 
tenable. A broad incoherent spectral feature [39,41] and a pseudogap in the 
excitation spectrum [41-42] were observed while the coherent Drude 
weight appeared to be two orders of magnitude smaller [43] than what is 
expected for a metal, or even zero in the case of manganites [41]. EELS 
confirmed that manganites are doped charge transfer insulators having p 
holes as the current carriers rather the d (Mn^^) electrons. 
The photoemission and 0 Is x-ray absorption spectroscopy of 
Lai.xSfxMnOs showed that the itinerant holes doped into LaMnOs are 
indeed of oxygen p character and this coupling with d local moments on 
Mn^^ ions aligns the moments ferromagnetically [27]. Moreover, 
measurements of mobility [44-45] do not show any field dependence and 
there are significant deviations from Arhenius behaviour at temperatures 
close to Tc [46]. The resistivity calculated from the double exchange theory 
is in poor agreement with the data, and the characteristic theoretical field (~ 
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15T) for CMR is too high compared with the experimental one (~ 4T) [5-6]. As a 
result, the self-trapping above Tc and the idea of metallization below Tc do not 
explain CMR either. Carriers retain their polaronic character well below Tc, as 
manifested also in the measurements of resistivity and thermoelectric power under 
pressure. Therefore, the experimental evidence overwhelmingly suggests that the 
low temperature phase of the doped manganites is not a metal, but a doped 
polaronic semiconductor. 
The double exchange and the presence of polaronic carriers are insufficient 
to explain the physics of colossal magnetoresistance. Hence a new theory of 
ferromagnetic/paramagnetic phase transition accompanied by a current-carrier-
density collapse (CCDC) and CMR was proposed. This theory takes care of the 
tendency of polaron to form local bound pairs (bipolaron) [47] as well as the 
exchange of p polaronic holes with d electrons. The strong electron-phonon 
interaction binds two polarons into a local pair, the bipolaron. In the paramagnetic 
state above the Tc a large fraction of polarons is bound into immobile pairs 
(bipolaron). As the temperature decreases in the paramagnetic phase (T > Tc), the 
density of mobile polarons also decreases and the resistivity quickly increases with 
decline in the number of carriers. With the onset of the ferromagnetic order at Tc, 
the situation changes dramatically. As a result of the exchange interaction 
involving the localized Mn spins, the energy of one of the polaron spin sub-bands 
sinks abruptly below the energy of the bound pairs. As the pairs break up, the 
density of the carriers (mobile polaron) jumps up, and the resistivity suddenly 
declines as observed experimentally. The occurrence of the deep minimum in the 
carrier density close to the transition point is known as current-carrier-density 
collapse. 
The Hamiltonian containing the physics compatible with the experimental 
observations mentioned above is 
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H =j:EXh, -'^Urn.S] +//,,+//,„„, 
*-'-^  " " (1.11) 
where E^  is local density approximation (LDA) energy dispersion [48], hks is the 
annihilation hole operator of a degenerate p oxygen band with spins 
S^1' and i, Jp,j is the exchange interaction of p holes with four d electrons of Mn^^ 
ion at site j , m^ = h^^h^^ -f^u^ti ' '^j ^^ the z component of Mn^^ spin, which is 
equal to 2 due to strong Hund coupling, HHund, of the four d electrons on Mn^^ 
sites and N is the number of unit cells. The last two terms of the Hamiltonian 
describe the coupling of p holes with phonons and phonon energy, respectively 
[/<, -y'q is the coupling constant (47)]. The Hamiltonian also contains spin flip 
processes, Hsf, like Sjh*,^hi^^ +h.c. and the terms with non-diagonal components of 
the polaron magnetization operator m^,^ = h^i^h^^^ ~K'i^ki 
The bipolarons are practically immobile in manganites because of the strong 
electron-phonon interaction, in contrast to the observation in cuprates, where 
bipolarons are mobile and responsible for in-plane transport owing to their 
geometry and their moderate coupling with phonons. If these bound pairs are 
extremely local objects, i.e. two holes on the same oxygen, then they will form a 
singlet. If, however, these holes are localized on different oxygens, then they may 
well have parallel spins and form a triplet state. This triplet state is separated from 
the singlet state by some exchange energy Jst, with some interesting consequences. 
Because of theiir zero spins, the only role of the singlet bipolarons in manganites is 
to determine the chemical potential \i, which can be found with the use of the total 
doping density per cell x [49]. The interplay between the localization of p holes 
into bipolaron pairs and the exchange interaction with the Mn d local moments is 
responsible for CMR. The density of these pairs has a sharp peak at the 
ferromagnetic transition when the system is cooled down through the critical 
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temperature Tc. As the system is cooled, but still in the paramagnetic state, an 
increasing fraction of the polaron forms immobile pairs (bipolarons), and the 
resistivity of the system increases. Below T,.. the binding of polarons into 
immobile pairs competes with the ferromagnetic exchange, which tends to align 
the polaron moments and, therefore, breaks these pairs apart. The number abruptly 
increases below T^  leading to a sudden drop in resistivity. These competing 
interactions lead to the unusual bi-haviour of ("MR materials and the extreme 
sensitivity of their transport to external fields. 
1.3 Charge ordering 
Charge ordering (CO) is a phenomenon in solids wherein electrons 
become localized due to the ordering of cations of differing charges on 
specific lattice sites. This renders the material insulating. In manganites, in 
the CO state Mn^^ and Mn'^ ^ ions are regularly arranged in the ab plane 
with the associated ordering of the dx2.y2 and dy2.r2 orbitals (see Fig. 1.5). 
The charge ordering competes with the double exchange and promotes 
insulating behaviour and antiferromagnetism as shown in Fig. 1.6. Although 
the charge ordering is expected to be favoured when x 0.5 due to the 
presence of equal proportions of the Mn^* and Mn"*^  states, it is found for 
various compositions in the range 0.3 < x < 0.75, depending on the size of 
A site ion. The charge-ordering occurs, as the carriers are localized into 
specific sites below a certain temperature (Tco) giving rise to a long range 
order throughout the crystal structure. 
The Mn^ "^  orbitals {3d^,) and the associated lattice distortions (long 
Mn-0 bonds) also develop the long range order, giving rise to the orbital 
ordering. Then, the magnetic exchange interactions between the Mn ions 
become anisotropic because Mn-O-Mn superexchange interaction is 
ferromagnetic through a Riled and an empty 3d, orbital, hut 
A - t y p e C E - t y p e 
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Fig. 1.5 A-type and CE-type anliferromagnetic(AFM) ordering in rare earth manganiies. 
The figure shows spin ordering (ab plane) and orbital ordering(d , j in A type, d , ,_ in 
CE-type) in two types. The MnOe octahedra have long Mn-0 bonds in the ab-
plane, specially in the AFM state. 
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antiferromagnetic through two empty 3d_^ orbitals. Thus at low 
temperatures rare earth manganites are antiferromagnetically ordered 
(AFM) with CE or A type ordering (see Fig. 1.5). However, only the CE 
type occurs in charge ordered materials where the eg electrons are 
localized. The CE-type spin ordering is characterized by the ordering of 
Mn ^ and Mn * ions alternately. The spin ordering in the ab plane is 
somewhat complex and it stacks antiferromagnetically along the c-axis. In 
the A-type spin ordering, the spins order ferromagnetically in the ab-plane 
(with the moments pointing towards the a axis) and these planes stack 
antiferromagnetically along the c-axis. The features of CE and A-type AFM 
ordering in 50% doped manganites are shown in Fig. 1.5. The orbital 
ordering can occur in both A- and CE-type AFM ordering. The CE-type 
AFM state is approached on cooling a ferromagnetic state or a charge 
ordered paramagnetic state. 
1.4 Tolerance Factor: 
There are two characteristic distortions that influence the perovskite 
structure (ABO3) of manganates. One of these distortions results from the 
cooperative tilting of MnOe octahedra. This distortion is a consequence of 
the mismatch of the ionic radii. The Goldschmidt tolerance factor, t, is 
defined as 
t = (FA + ro)/(rB + ro)V2 (1.12) 
where rA, ro and TB represent the ionic radii of rare earth, oxygen and Mn 
respectively. It is a measure of distortion from the cubic symmetry. For the 
perovskites, which contain small central cations, t is typically less than 
one. The tilting of the octahedra is common in perovskites with t < 1. The 
tolerance factors for some manganites are given in Table 1.1. The other 
distortion, which occurs due to the Jahn-Teller effect distorts the MnOs 
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octahedra in such a way that there are long and short Mn-0 bonds. The 
most effective distortion is the basal plane distortion (called Q2 mode) with 
one diagonally opposite 0-pair displaced outward and the other pair 
displaced inward. A JT distoriton involving a displacement of oxygen ions 
splits the Cg band of the manganite and opens a gap at the Fermi level. 
lablc I.I Tolerance factors for some manganites 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
Compound 
LaMnOj 
PrMn03 
NdMnOs 
SmMnOs 
GdMnOs 
YMn03 
folerance factor (t) 
0.889 
0.868 
0.864 
0.858 
0.851 
0.833 
In the parent compound LaMnO^. the Mn ions occupy the B site and 
are surrounded by oxygen octahedra that share corners to form a three-
dimensional network. The La ion occupies the A site between these 
octahedra. In several perovskites, the overlap between the B-site d-orbital 
and the oxygen p-orbital forms the electronically active band and this 
overlap can be strongly influenced by the internal pressure generated by the 
A-site substitution with ions of different radii. Mainly the effect of 
decreasing <rA> is to decrease the Mn-O-Mn bond angle, reducing thereby 
the matrix element, b, which describes the electron hopping between Mn 
sites. As we discussed above, the tolerance factor is a simple 
characterization of the size mismatch that occurs when the A-site ions are 
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too small to fill the space in the three-dimensional network of MnOe 
octahedra. For a perfect size match, (t=l) the Mn-O-Mn bond angle (G) 
would be 180". For t < 1, rather than giving a simple contraction of bond 
lengths, the ociahedra tilt and rotate to reduce the excess space around the 
A-site, resulting in 6 < 180". The apparent decrease in b with decreasing 
<rA> originates from the decrease in 0. The bandwidth W of Cg electrons, 
which afli-cis the transition temperature {],), is controlled by both the Mn-
O bond length (dMn-o) arid the bond angle 6 of the Mn-O-Mn. The fme-
tuning of W and Tc can be obtained by appropriate selection of the size of 
rare earth site ion. This affects the bond angle 9 and not the bond length 
dMn-o due to local disorder in the lattice. The application of external 
hydrostatic pressure compresses dMn-o and opens up 0, enhancing the 
bandwidth W, The perovskite structure of the parent manganite has an 
orthorhombic distortion and the unit cell can be mapped into Pbnm 
symmetry. 
1.5 Transition element doping effects in hole doped manganites: 
The crucial Mn^-0 Mn ' network can be modified by the doping 
at the Mn site itself. Blasco et al.[50] studied the structural, electrical and 
magnetic properties of La2/3Cai/3Mni.xAlx03 system, wherein the Al doping 
at Mn site was shown to decrease Tc (Curie temperature) and TIM (Metal-
Insulator transition temperature) with Al concentration x < 0.05 without 
affecting the MR significantly. At higher concentrations spontaneous loss 
of oxygen was found with a concurrent enhancement of MR. Several 
authors have studied the effects of Fe doping on the properties of CMR 
perovskites. Righi et al.[51] examined a 5% Fe doped LaoyCao ^MnOs 
compound and found a 50K decrease in Tc and a 10-15% decrease in the 
average moment measured at IT. Pissas et al. [52] studied the lightly (2%) 
Fe-doped Lao yjiCao 25Mn03 by Mossbauer spectroscopy and suggested the 
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existence of ferromagnetic clusters in the sample with a size distribution. 
Ahn et al. [53] observed that replacement of Mn by Fe favours insulating 
character and antiferromagnetism opposing the effects of double exchange. 
The non-participation of Fe^^ in the double exchange results purely due to 
the electronic structural considerations. The absence of any signatures of 
Fe ' and Fe ^ in Mossbauer spectra in Fe-doped samples further supports 
this conclusion. Cai et al.[54] examined the properties of 
Lao^TCao.^ ^MnovFeo 1O3 and confirmed the occurrence of spin glass 
behaviour therein. Their data also suggested the presence of, and 
competition between, ferromagnetic and antiferromagneic clusters in the 
system. Gayathri et al. [55] also studied the properties of 
Lao TCaosMni.xCoxOs system for 0.05 < x < 0.5. They suggested that the 
substitution of Mn by Co dilutes the double exchange and transforms the 
long range ferromagnetic order to a cluster glass type FM order. 
Rubinstein et al. [56] studied the effect of Gd, Co and Ni doping in 
La2/3Cai/iMn03 for high dopant concentration (>10%) and pointed out that 
on the basis of the Goldschimdt tolerance factor considerations and the 
phase diagram of Hwag et al. [57] one would expect an increase of Tc by 
almost 100 "K for a dopant concentration of -10%. However, the results 
showed that Tc dropped by 30K for this dopant concentration. They 
attributed this drop to the absence of double exchange interaction between 
the dopant (Co, Ni) and the Mn ion leading to the dominance of the 
antiferromagnetic superexchange interaction. Ogale et al. studied the Fe 
concentration dependence of the properties of the Lao 75Cao.25Mni-xFex03 
compound and discovered the occurrence of a localization-delocalization 
transition in the system at a critical dopant concentration. 
On the basis of these observations, these authors argued that a 
quasiparticle of a finite dimension (a few unit cells) should be associated 
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with the carrier transport in CMR materials. The manifestation of strain 
could be entirely different in the case of doping at the Mn site, which may 
be the reason for an apparent inapplicability of tolerance factor based 
considerations. The deviation from the average Mn radius at the dopant site 
would subject the neighbouring Mn-0 bonds to a centric push or pull 
thereby causing local distortions leading to unequal Mn-0 bond lengths in 
the surrounding unit cells. This distortion will lift the degeneracy of the Cg 
electron states leading to the lowering of one of the two Cg levels and 
thereb) causing the trapping of carriers. This leads to a decrease of Tc and 
increase of iresisitivity. If the Mn is replaced with 2+ ions like Cu or Zn 
then there would be a local change in the lattice constant caused by the 
incorporation of a significantly bigger ion. This is similar to the internal 
pressure resulting due to doping at the rare earth site. The bigger ion at Mn 
site compresses some Mn '-0"~Mn ^ bonds radially. It would also lead to 
bond angle distortion. The presence of 2+ ion, which is unable to acquire 
higher valence, would induce a higher residence time of the higher valence 
state of Mn namely. Mn''' in its immediate neighbourhood. Since Mn ^ is a 
smaller ion, the suggested local charge ordering would straighten out the 
Mn^^-0^~Mn'" bonds releasing strain in the system. This appears to be the 
cause of an improved quality of transition in the Cu and Zn doped samples. 
1.6 Effect of chemical and applied pressure on transition temperature: 
The magnetic and transport properties can be varied at constant 
doping by varying the A site cation composition [15,17,58,59] or by 
applying external pressure [13.14,57]. A metal-insulator transition can be 
induced by decreasing the average A site ionic radius <rA> below a critical 
value (<rA> = 1.1 8A") . In the metallic regime, Tc can vary by more than a 
factor of 2 as a function of < rA>, and, for the Mn'^ /Mn"''^  ratio of 0.3. it 
displays a maximum value corresponding to the composition 
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Lao7Sro3Mn03 (<rA> =1.244 A°). The application of external pressure 
always increases Tc with dTJd? varying in the range 5-50KGPa"'. These 
effects have been attributed to the variation of the electronic bandwidth W 
as a function of chemical and applied pressure. The Mn-O-Mn bond angle 
is expected to increase both as a function of applied pressure and with 
increasing <rA>. According to the recent theoretical discussions, it appears 
that in addition to W, another energy scale namely the Jahn-Teller energy 
EjT acts as an essential ingredient in the description of these systems. Millis 
et al. [5-6] have proposed a generalized phase diagram of manganites at a 
constant doping x ~ 0.3, as a function of the reduced parameter T/t (t is the 
electron hopping parameter, which is proportional to W), and of the 
electron-phonon coupling A, = Ejx/t. As a consequence, possible variation of 
EjT as a function of the "chemical" or applied pressure needs to be taken 
into consideration. This approach was followed by Rodriguez et al.[59] in 
their description of the effects on Tc of varying the cation size disorder at 
constant x and <rA>. They observed that Tc is strongly suppressed when 
mixtures of very large and very small cations are used, and interpreted this 
effect by hypothesizing that the strain induced by the cation size disorder 
stabilizes the JT distortions, effectively increasing the parameter Ejj. Ejx is 
the difference between the on-site electronic energy, which is gained by 
distorting the ligand configuration around the Mn^ions, and the energy 
loss, that results from the lattice distortions. 
Radaelli et al. [60] also observed that Tc variations can be explained, 
at least qualitatively, by changes of the W parameter with the variation of 
Eji also making contribution which is, however, much difficult to estimate. 
For perovskite compounds with general formula ABO3, W depends on B-0-
B bond angles and B-0 bond lengths, through the overlap integral between 
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the 3d orbitals of the metal ion B and 2p orbital of oxygen. The following 
empirical formula has been used to describe this double dependence [61]. 
H - - ^ ...(1.13) 
where co is the tilt angle in the plane of the bond and is given by 
(a = Vi {n • <B-0-B>), and dn-o is the B-0 bond length, in weakly distorted 
structures like manganite perovskites, where cosco is 1, only very large 
changes in the B-O-B bond angle can affect W significantly. Radaelli et al. 
[60] have plotted the average Mn-0 bond lengths and Mn-O-Mn bond 
angles as a function of <rA> as shown in Fig. 1.7. The presence of minimum 
in <Mn-0> for the <rA> ~ 1.24 A° has remarkable consequences on the 
evolution of [—^y-] as a function of <rA>. At low <rA>, the increase of 
ds-o 
<Mn-0-Mn> and the decrease of <Mn-0> both contribute to the rapid 
increase of W. At high <rA>, however, the two structural parameters have 
opposite effects on W, yielding a net decrease of W. They propose that the 
presence of a minimum is due to the interplay between the steric and 
coordination effects around the A site of the perovskite structure. At low 
values of <rA> the octahedral framework folds around the small A site 
cation until it attains the equilibrium distance with 8 of the 12 surrounding 
oxygen atoms. The A-0 distances with remaining oxygen atoms are in 
excess of 3A that makes them effectively unbounded. In this situation, very 
little strain is imposed upon the Mn-0 bond lengths, which can adjust to 
their optimal value. With increasing <rA>, the octahedral framework untilts. 
As a consequence, the far away oxygen atoms in the first coordination shell 
come closer to the A site, and start to feel an attractive interaction. This 
interaction is transmitted to Mn-0 network as an effective internal 
pressure. For even larger values of <rA>, the A cation becomes effectively 
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12-fold coordinated, and the whole lattice, including the Mn-0 distances 
must expand with increasing <rA>. 
The application of external pressure on these compounds produces 
quite different structural effects than those of the aforementioned internal 
pressure. The primary effect of the external pressure is to compress all 
bond lengths (Mn-0 and A-O). However, the A-0 bonds are less 
compressible than the Mn-0 bonds. This results in an increase of Mn-O-Mn 
bond angles, which is directly proportional to the bandwidth W. The 
application of pressure increases the transition temperature and decreases 
the magnitude of MR peak. The increase in transition temperature can be 
interpreted as a consequence of increased electron hopping amplitudes as a 
function of pressure. The transition to the low temperature spin ordered 
state is accompanied by a decrease in electron kinetic energy due to 
increased delocalization of the electronic wave function over all allowed 
sites. The increased overlap between adjacent orbitals at high pressure 
implies a greater role for electronic kinetic energy in determining the stable 
structure for the system. Within this picture, the application of pressure 
stabilizes the low temperature phase and leads to an increase in the 
transition temperature. Khazeni et al. [62] observed that an external 
pressure of 10.7 kbar raises the resistive transition temperature of single 
crystal Ndo.5Sro.36Pbo.i4Mn03.5 by 20 K and the peak MR peak is reduced 
by -50%. 
1.7 Theory of x-ray absorption spectroscopy 
X-ray absorption spectroscopy measures the absorption of x-rays as 
a function of x-ray energy, E=hv. More specifically, the x-ray absorption 
coefficient \i (E) = -d In I/dx is determined from the decay in the x-ray 
beam intensity I with distance x within the matter. The x-ray absorption 
principle is based on the determination of the x-ray absorption coefficient \i 
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depending on the photon energy hv at a fixed angle of illumination 9. As 
the optical excitation of a core level electron requires the biding energy Eb 
as minimum photon energy, the transgression of this energy will coincide 
with an increased absorption coefficient. This leads to the formation of 
absorption edges, which may be indexed by their atomic sub shells (K, L, 
M...). Each absorption edge is related to a specific atom present in the 
material and more specifically, to a quantum-mechanical transition that 
excites a particular atomic core orbital electron to the free or unoccupied 
continuum levels. The nomenclature for x-ray absorption refiects this 
origin in the core orbital (see Fig. 1.8) e.g. K edge refers to transitions that 
excite the innermost Is electron. The transition is always to unoccupied 
state i.e. to state with a photoelectron above the Fermi energy, which 
leaves behind a core hole. The resulting excited electron is often referred to 
as a photoelectron and in a solid generally has enough kinetic energy to 
move free through the material. The energies of the edges are unique to the 
type of atom that absorbs the x-ray, and hence themselves are signatures of 
the atomic species present in a material. Beyond the absorption edge the 
intensity of a monochromatic x-ray passing through a medium of thickness 
d will follow the absorption law: 
I = lo exp (-^d), n a ZV(hv)^ 3<x<4 (1.14) 
whereby \i depends on the atomic number Z of the medium and decreases 
with increase in photon energy hv [63]. However, the fine structure of this 
element-specific edge of the absorption coefficient is influenced by the 
energy of the unoccupied electronic levels as it is shown in Fig. 1.9(a). 
Only a sufficient photon energy enables the photo excitation of a core level 
electron beyond the vacuum level Evac- After 10 x 10"^  seconds [64] the 
ionized atom may relax by occupation of the core hole with an electron 
from the valence band. The generated energy will normally not be used for 
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Fig. 1.8 The excitations corresponding to the K, L and M x-ray absorption edges. 
The arrows show the threshold energy difference of each edge. 
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the emission of a fluorescence photon but will be absorbed for the 
vacuum emission of an Augur electron from the valence band. In the 
case of a non-sufficient energy for the emission of the primary 
electron, it may be excited into a conduction band level so that a 
similar relaxation process becomes possible. This spectator process 
then results in the emission of only one Augur electron. 
Alternatively, the core hole may be reoccupied by the core level 
electron itself, so that the excitation is finally used for the emission 
of a valence electron. This process is called the participator process. 
The number of generated secondary electrons is thereby directly 
proportional to the x-ray absorption cross-section [65]. On their way 
to the crystal surface these electrons undergo multiple scattering 
processes with other electrons (see Fig. 1.9 (b)), so that their number 
is multiplied while their average energy is reduced. 
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Fig. 1.9 (a) The excitation of a core level electron is possible through 
several ways of relaxation, (b) Secondary electrons are generated which 
undergo multiple scattering processes before they leave the crystal 
structure as low-energy photoelelecrons 
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Consequently, low energy photoelectrons are emitted from the 
atomic layers near the surface up to 50 A depth. Depending on the photon 
energy two techniques are possible for the determination of the absorption 
coefficient ^. The integrated detection of all emitted electrons (total 
electron yield) as well as the selective detection of electrons of fixed 
energy (partial electron yield) as a function of hv will lead to an equivalent 
structures in the spectra [66]. 
The typical x-ray absorption near edge spectroscopy (XANES) 
experiment measures the photoelectron intensity for photon energies 
beginning from the absorption edge till 50 eV beyond the edge energy [67]. 
Although photon energies below the ionization threshold allow electronic 
transitions into unoccupied electronic bands or molecular orbitals, the 
spectral features are not directly related to the unoccupied density of states 
[68], which can be probed with inverse photoelectron spectroscopy. The 
valence state of an element in a compound can be determined by "finger 
printing method". In this method the XANES spectrum of the given 
compound, at a specific edge is compared with the spectrum of a reference 
compound at the same edge. The valence state of the particular element is 
known for the reference compound. If the spectra of the given and 
reference compounds are identical then one can infer that the valence state 
of that particular element in given compound should be same as in the 
reference compound. 
A high-resolution spectrum also exhibits fine structure extended up 
to ~ 500 A to ~ 1000 A above each absorption edge. This is EXAFS 
(Extended X-ray Absorption Fine Structure) and it is referred to as 
"extended" to distinguish it with the fine structure in the immediate 
vicinity of the absorption edge, whose origin is of different nature. 
"EXAFS" is characteristic of condensed matter and it is not present in 
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nobie gases, The EXAFS details are different above the absorption edge of 
the same element in different compounds. These observations suggest that 
EXAFS is caused by. and is sensitive to, the atomic environment of the 
absorbing atoms. In case of EXAFS, absorption coefficient (x oscillates 
about the behaviour predicted by the absorption law. The EXAFS spectrum 
is denoted by ^(E) and phenomenologically defined as the normalized, 
oscillatory part of the x-ray absorption abo\e a given edge 
X(E) = [ ^ ( E ) - M E ) ] / M E ) (1.15) 
Ho(E) is the smoothly varying atomic like background absorption. 
1.8 The Physics of EXAFS Oscillation 
In the x-ray region of the electromagnetic radiation spectrum the 
dominant interaction of the radiation quanta with matter is through 
photoelectric effect. In the case of photoelectric absorption, the initial state 
is described by the wavefunction of the photon plus the atomic 
wavefunctions of all the electrons of the atom. In the final state, the photon 
has disappeared and the wavefunction of one of the core electron is 
delocalized, since this electron now has acquired the energy of the photon 
and can not occupy an atomic orbital any more. The transition probability 
for photoelectric absorption is measured by the absorption coefficient \i, 
which is given by the Fermi "golden rule", 
f i - M ' p ( E F ) (1.16) 
where M is the matrix element for the transition; it is a measure of the 
coupling between a photon and an electron, p (Ep) is the density of empty 
electronic states at the final energy of the photoelectron. If there are no 
empty states with energy Ep, the absorption coefficient is zero and the 
transition is not allowed. This explains the presence of edges in the 
absorption spectrum. If the energy of the final state is lower than the 
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highest occupied atomic orbital, the electron cannot make the transition and 
the photon is not absorbed. When the energy of the final state exceeds that 
of the highest occupied state (the vacuum level for isolated atoms, the 
Fermi energy for atoms in condensed matter), the density of states suddenly 
becomes non-zero and absorption coefficient shows a sharp increase. The 
photoelectron has an energy of hundred of eV in the EXAFS region and is 
not likely to be perturbed by the small band energy modulations of the 
order of leV. Stern in 1974 proposed a theory that explains all the essential 
features of EXAFS. In this theory the matrix element is modulated by the 
scattering of a photoelectron by the environment of the absorbing atom. 
There is interference between the outgoing portion of the photoelectron 
wavefunction and the part scattered back by the atoms in the vicinity of the 
absorbing atom. This interference can be constructive or destructive, 
thereby enhancing or reducing the matrix element and with it the 
absorption coefficient, compared to that of an isolated atom. In an EXAFS 
experiment each atom in the sample works as a mini diffraction instrument. 
The electron can also be considered as a wave characterized by a 
wavenumber k = 2 rt /A. which is related to electron kinetic energy through 
the relation: 
E - E b = 1 i V / 2 m 
where the kinetic energy is equal to the photon energy minus the binding 
energy Eb, of the electron in the atom, k is the wavenumber and m is the 
electron rest mass. 
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Chapter 2 
Experimental Techniques 
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Introductidn 
This chapter deals with the method of preparation and 
characterization of samples, Lai.xCexMn03 (x = 0.0 to 1.0) used during the 
present study, We adopted conventional solid-state reaction route. The wet 
chemical reaction method is also used to synthesize the perovskite 
manganites. Various techniques to characterize these samples have been 
described briefly \iz. x-ra\ diffraction (XRD), resistivity, x-ray absorption 
study (XAS), magnetoresistance and swift heavy ion irradiation. 
2.1 Sample Preparation 
Generally, manganites are synthesised using solid state reaction and 
wet chemical reaction routes. In the former method different constituents 
are mixed in stoichiometric ratio and heated at high temperatures to 
complete the reaction. In the case of wet chemical method the following 
redox reaction is involved. Mn02 is precipitated from the reaction of 
KMn04 with MnSO^.HiO salts in acidic medium in the presence of other 
metal ions like La, Ce or Pr. Ca that are then precipitated completely by 
raising the pH to 7. The precipitate is filtered and washed with deionized 
water and decomposed at 1123 K obtaining phase pure manganites. These 
compounds are pressed into disks and sintered in air for 5 hours at 1673 K 
and used for electrical and magnetic measurements. 
We prepared the samples of Lai-xCcxMnOs (x = 0.0 to 1.0) by the 
solid-state reaction method. The stoichiometric amounts of La203, 
€62(003)3 and Mn02 (all of AR grade) in powdered form were ground in 
an agate mortar till a homogeneous mixture was formed. This mixture was 
kept in an alumina boat and heated at 1000°C for about 24 hrs to achieve 
decarbonation. This preheated powder was again ground and palletized 
using a rectangular die of dimension 14mm x 4mm x 2mm. A pressure of 
the order of 10 tons/cm~ was used for making the pellet. Then, these peJiets 
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were sintered at 1100"C for 24 hours. This process was repeated thrice for 
the sake of homogenization. The samples thus prepared exhibit a double 
peak feature in the resistivity versus temperature plot and a broad transition 
as reported by earlier workers [1-4]. The as-prepared samples were again 
ground and palletized. These pellets were again given heat treatment at 
1200 and 1250"C in air for 24 hours and furnace cooled to room 
temperature. This improves the qualitv of the samples leading to the 
sharpening of the peak in resistivity versus temperature plot with a 
significantly lowered value of resistivity. This way we were able to 
optimize conditions for Lai.xCcxMnOs (x = 0 to 1.0) samples preparation. 
We also used an alternative method for next batch of samples. This method 
involved the heating of samples in the powder form three times at 1100°C 
in air for 72 hours with three intermediate grindings in an alumina boat. 
Finally, this reacted powder was pressed in the form of disks of 2.5 and 1 
cm diameter and heated at 1]50°C in air for 24 hrs and then furnace cooled 
to room temperature. The disks of 2.5cm diameter were used as target for 
deposition of thin films and 1 cm diameter pellets used for XRD and 
resistivity measurement. 
2.2 Synthesis of thin films 
Thin films can be prepared by various deposition techniques such as 
pulsed laser deposition (PLD), DC and RF sputtering, chemical vapor 
deposition (CVD), metal organic chemical vapor deposition (MOCVD), 
molecular beam epitaxy (MBE), thermal deposition etc. The basic process 
involves converting materials into an evaporating flux of atomic and 
molecular species and then transporting them onto a suitably heated 
substrate in an appropriate ambient. The pulsed laser deposition technique 
is used for the synthesis of thin films in the present work. 
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2.2.1 Pulsed laser deposition 
The pulsed laser deposition (PLD) technique is one of the most 
successful techniques for the deposition of good quality thin films of high 
Tc superconductor, CMR manganites and other materials. The pulsed laser 
deposition technique is perhaps the simplest of all the thin film deposition 
techniques especially for the deposition of complex oxide materials and 
multilayers of such materials. The technique is unique in that the 
dislodging of the atoms from a target is achieved by transferring the energy 
at the surface using an ultraviolet nanometer laser pulse. Excimer lasers 
with wavelength 352nm for XeF, 308nm for XeCl, 248nm for KrF, 222nm 
for KrCl, ]93nm for ArF and 157nm F2 are commercially available for 
deposition. Most of the materials absorb radiation in this ultraviolet regime 
and hence ablation can be easily achieved. 
The typical schematic of the pulsed laser deposition system is shown 
in Fig.2.1. It consists of a stainless steel chamber mounted onto a vacuum 
system consisting of the diffusion and rotary pumps. This assembly is 
capable of obtaining a base vacuum of the order of 10'^ to 10"^  torr in the 
chamber. A sintered target of diameter 2.5 cm was mounted on a target 
holder with the help of the silver paste. It was rotated with the help of a 
stepper motor at a speed of about 10 r.p.m. The target rotation is needed to 
avoid crater formation on the target due to continuous ablation. The laser 
beam is incident on the target at an angle of 45 to the target surface 
normal through a quartz window attached to one of the ports of the 
chamber. The beam incident at an angle larger than 45 makes the beam 
spot size difficult to manipulate and hence difficult to adjust the energy 
density. At the smaller angles the laser beam may interact with the plasma 
plume and the heater assembly. In order to achieve the desired energy 
density, the beam was focused using a quartz lens. Typically, an energy 
Laser beam 
Viewport/ 
Optic ol 
Multichannel 
Analyzer 
Q u a r t z Lens 
Heater Power 
Feedthru 
Vacuum Pump 
Fig. 2.] The schematic of pulse laser deposition system. 
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density of ~2 J/cm^ is maintained at the target. Laser energy densities 
higher than a certain material dependent threshold are required to achieve 
the film composition same as that of the target. The target surface (a few 
hundred nrn) absorbs energy from the incident beam. The resulting 
temperature is sufficiently higher than the melting point of the material and 
this takes place in a very short duration of time. The resulting expansion 
causes a rapid ejection of the material out of target, which then forms the 
plasma plume. The plume consists of combination of various excited 
atomic, molecular, ionic and neutral species. The materials are ejected out 
normal to the target surface and directed forward moving towards the 
heated substrate mounted in the front. 
The substrate was mounted on a resistive heater that is capable of 
achieving temperature upto 850°C on the surface. It was positioned in front 
of the target and parallel to it at a distance of about 4-5 cm. The substrate 
was ultrasonically cleaned in trichloro-ethylene, acetone and methol. The 
substrate thus cleaned was then mounted at the center of the heater disk 
using silver paste or clamps. The temperature during deposition was 
measured by alumel-chromel thermocouple attached to the heater. Though 
PLD is knov/n to transfer the stoichiometry from the target to the film, 
even then a small partial pressure of oxygen is maintained during the 
deposition process. This is to make up for any loss of oxygen in ceramic 
target itself and in the process of transfer of the excited species from the 
target surface to the substrate. The size and shape of the plasma plume 
depends on the partial pressure maintained in the chamber. This plasma 
plume quickly expands away from the target and the thin film formation 
takes place on the heated substrate mounted in the path of the plasma 
plume. Some of the desirable stoichiometric compound is formed as a 
result of the reaction of the ablated species with the gas. The PLD is now 
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increasingly being used to prepare a wide variety of materials in the thin 
film form with superior film properties (both structural and electrical 
transport) as compared to films deposited by other physical vapor-
deposition techniques. 
The stoichiometric removal of constituent species from the target 
during ablation, as well as the relatively small number of control 
parameters, are two major advantages of PLD over other physical vapor-
deposition techniques. The limited number of control parameters reduces 
the process complexity. It also often restricts the ability to optimize the 
growth conditions and the properties of films in order to meet the 
requirements for their practical applications. Growing multilayers and 
complex heterostructures becomes easier since each pulse deposits an 
easily calibrated thickness. Thus by changing the target in-situ and 
controlling the number of laser shots, the required heterostructures can be 
grown. 
One of the major drawbacks of PLD is the existence of large 
particulate, which causes significant surface roughness. Roughness is due 
to the so-called "splashing" effect that originates due to the interaction 
between the target and the laser beam. One of the simple approaches to 
reduce this effect involves scanning the target during deposition and 
sanding the target before each deposition. Another disadvantage is the lack 
of uniformity over a large area due to the narrow angular distribution of the 
plasma plume. This can be overcome by using some substrate rotation 
scheme and/or scanning the beam over large targets. 
In the present work the epitaxial thin films of Lai.xCexMnO^ (x = 0.3 
to 0.5) were grown on LaAlOj (100) single crystal substrate using pulsed 
laser deposition (PLD) technique. The thickness of the films was 300 nm. 
A KrF excimer lower (Lambda physik LPX 200i, k = 248 mm, tp = 20 ns) 
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was employed and the ablation was performed at a laser energy density of 
2.1 J/cm^ on the target surface. The substrate was held at 650°C, while the 
oxygen partial pressure of 200 and 300 m torr was maintained for two 
separate depositions. The cooling of film to room temperature was done in 
the oxygen atmosphere. Subsequent annealing at SOO^ C further improved 
the quality of films. The above-mentioned parameters have been optimized 
after several trials. 
2.3 X-ray diffraction 
X- ray diffraction (XRD) is the most commonly used structural 
characterization for studying the powder form as well as the thin film form. 
It is used to uniquely define the crystalline phases of the material, out of 
plane orientations of the thin film grain and relative in-plane alignments of 
the thin film with the substrate or between different layers in the case of 
the heterostructures. In normal 0-20 scan mode, a beam of monochromatic 
x-rays is incident on the sample, making an angle 0 with the sample 
surface. The detector motion is coupled with that of the x-ray source so that 
it is always kept at a position at an angle of 29 with the incident direction 
of the x-ray beam. The recorded diffraction pattern gives the intensity 
versus 29 plot. The XRD patterns were recorded with diffractometer. The 
schematic of x-ray diffractometer is shown in Fig.2.2. 
The x-rays get diffracted from the crystal planes when the Bragg condition 
is satisfied. The condition is given by, 
2dsine = n?. -—(2.1) 
where d is the interplaner spacing, n is the order of diffraction, X is the 
wavelength of x-rays and 0 is the incident glancing angle. The structural 
analysis is carried out using x-rays of known wavelength A,. The measured 
20 is the measure of the spacing d between the planes in the crystal. The 
/ / / \ \ 
x- ray 
Source 
/ Diverging Slit 
\ Detector 
\ 
Fig. 2.2 The schematic of x-ray diffractometer. 
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diffraction pattern gives us information about the average particle/grain 
size, lattice parameters, crystal structure of the samples etc. By measuring 
the shift in the diffraction peak position, one can get idea of the strain 
present in the sample. The degree of misorientation of the crystallites in the 
oriented samples can be obtained with the help of 9 - 26 rocking curves 
that can be obtained by decoupling the sample and detector movements. 
The detector is kept fixed at a 20 value for a particular d and the sample is 
rocked around that 0 value. The full width at half maximum (FWHM) of 
the peak value is a measure of the misorientation of the grains in the film 
with respect to the sample normal. The smaller the value of FWHM, the 
better is the crystalline quality of the sample. 
Another mode, which is used to study the locking of in-plane 
orientation symmetry, is the (j)-scan. The schematic of ^ scan is shown in 
Fig.2.3. In this mode, the sample is rotated about its surface normal (if)) 
while the other angles 0, 20 and % are kept fixed at a certain values so that 
a particular set of planes (hi,k],li) [other than the (h,k,l) planes along 
which the sample is oriented] in the sample becomes horizontal. Here % is 
the angle between the (h],ki,l]) and (h,k,l) planes. A complete (j)-scan from 
0 to 360 degrees will feature 'm' equidistant peaks, where 'm' is the degree 
of symmetry. The individual scans performed for the substrate and the film 
describe the relative orientation between the two. 
The powder x-ray diffraction patterns have been recorded for whole 
series of Lai.xCexMnOs (x = 0 to 1.0) using Cu-Ka radiation (1.542 A°) at 
room temperature. The cathode was maintained at 30 kV voltage. 
Diffraction patterns were recorded in the range 20° < 20 < 40°. The lattice 
parameters have been determined using PDP-11 software. The indices 
could be assigned to all the lines on the basis of orthorhombic symmetry. 
P l a n e 
S a m p l e •< 
<yr 
S u r f a c e n o r m a l 
Fig. 2.3 The schematic of (p-scan. 
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2.4 X-ray absorption 
X-ray absorption spectroscopy (XAS) is a powerful tool to study the 
local electronic and atomic structure of solids, liquids and gases in a wide 
range of external conditions defined by temperature, pressure etc. The 
information on the local electronic structure can be extracted from x-ray 
absorption spectrum in the vicinity of an absorption edge of an atom 
(XANES), whereas structural information can be determined from the 
extended x-ray absorption fine structure (EXAFS), having an oscillating 
character and located beyond the absorption edge. The EXAFS range 
extends usually to about 500-1000 eV above the edge due to limitations 
caused by the experimental noise and/or by the presence of another 
absorption edge. The x-ray absorption spectrum has been recorded using an 
x-ray source. Historically, first an x-ray tube was used; but at present most 
experiments are performed using synchrotron radiation. A typical 
synchrotron radiation source consists of two accelerators (a linear 
accelerator called LINAC, and a booster) and a storage ring. The charged 
particles (electrons or positrons) are accelerated within the LINAC and the 
booster up to operating energy and are injected into the storage ring, where 
a radially accelerated charged particle emits electromagnetic radiation, 
including x-rays, in the tangent direction to their orbit. This radiation is 
utilized by experimental stations located at beamlines in the Experimental 
Hall. The synchrotron radiation has several advantages due to unique 
characteristics, which include: 
1.Wavelength tunability from the infrared (IR) to the hard x-rays. 
2.Polarisation selectability (both linear and circularly polarized lights are 
available) 
3. Extremely high brilliance. 
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4. A pulsed radiation structure of high stability, enabling measurements to 
be made at very short time intervals (down to 10-11 seconds). 
X-ray absorption spectra at O K, Mn L3 2 and Ce M5 4 edges were 
measured using a high energy spherical grating monochromator (HSGM) 
beam line at Synchrotron Radiation Research Centre (SRRC), Taiwan 
operating at 1.5 GeV with the maximum stored current of 200 mA. These 
spectra were measured using the sample drain current mode at room 
temperature with pressure in the experiment chamber in the low range of 
10" m bar. The typical resolution of HSGM beam line is ~ 0.2 eV. 
2.5 Resistivity 
The electrical resistivity measurements are generally made by four-
probe technique. In the case of CMR materials, this technique is used to 
determine the metal-insulator transition temperature (TJM) and measure the 
magnetoresistance. When the sample resistance is measured by two probes 
using a multimeter, the contact and lead wire resistances can not be 
avoided. The four-probe method is a simple technique to overcome this 
limitation. In the present study the electrical resistivity measurement is 
performed using four-probe technique, in the temperature range 77-300 K 
in a home built cryostat. A constant current of 1 mA drawn from a Keithley 
constant current source (Model 220) was passed through the outer contacts. 
The voltage across the inner contacts was measured using a Keithley nano-
voltmeter (Model 2001). The resistivity as a function of temperature was 
measured during the warming up cycle in the interval of IK. The 
temperature was controlled with the help of a Lakeshore temperature 
controller (Model DRC-93CA). 
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2.6 Magnetoresistance 
The magnetoresistance measurements for the bulk samples were 
made in a field of 0.2T. The samples were zero field cooled (ZFC) to liquid 
nitrogen temperature. Then a magnetic field was applied perpendicular to 
the direction of the current. The cryostat was adjusted between the pole 
pieces of a magnet for proper direction of the magnetic field. Then the 
measurements were performed during the warming up cycle. The 
magnetoresistance of thin films was measured in a field of IT during the 
cooling. 
2.7 Swift heavy ion irradiation 
The irradiation experiments were carried out at Nuclear Science 
Centre (NSC), New Delhi using 15 UD pelletron accelerator. The 
schematic of 15 UD pelletron accelerator is shown in Fig.2.4. The 15 UD 
pelletron is a versatile heavy ion tandem type of electrostatic accelerator. 
In this pelletron, negative ions are produced and preaccelarted to ~ 400 
KeV and injected into a strong electric field inside an accelerator tank 
filled with SFs insulating gas. At the center of the tank there is a terminal 
shell that is maintained at a high voltage (-16 MV). The negative ions on 
traversing through the accelerating tubes from the top of the tank to the 
positive terminal are accelerated. On reaching the terminal they pass 
through a stripper, which strips the electron from the negative ions, thus 
transforming the negative ions into positive ions. These positive ions are 
then repelled away from the positively charged terminal and are accelerated 
to ground potential to the bottom of the tank. In this manner, same terminal 
potential is used twice to accelerate the ions. On exiting from the tank the 
ions are bent onto a horizontal plane by an analyzing magnet, which also 
selects a particular beam of ions. The switching magnet diverts the high-
energy ion beams into various beam lines into the different experimental 
I n t e r c h a n g e Q.bl.e 
I o n S o u r c e s 
Ion a c c e l e r a t i n g tube 
High Vo l tage Termina l -
Su lphu r Hexa F l u o r i d e -
Pellet C h a i n s ••• • • u 
e 
^ 1 . 
u 
Injector Deck 
In jector Magnet 
+ ve Ion 
Acce le ra to r Tank 
C h a r g e S t r i p p e r 
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Fig. 2.4 The schematic of 15 UD pelletron accelerator. 
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areas of the beam hall. The entire machine is computer controlled and is 
operated from a centralized control room. 
The thin films were irradiated at room temperature with 200 MeV 
Au ion beam with fluence values 5x10'^ 1x10" and IxlO'" ions/cm^ The 
beam current was kept 0.2 pnA to avoid any heating effect. The ion beam 
was focussed to a spot of 1 mm x 1mm size and scanned over an area of 
10x10 mm" using magnetic scanner to irradiate the whole sample 
uniformly. The fluence values were measured by collecting the charge 
falling on the sample mounted on an electrically insulated sample ladder 
placed in secondary electron suppressed geometry. The ladder current was 
integrated with a digital current integrator and charged pulses were counted 
using a scalar counter. The irradiation of materials with swift heavy ions 
(SHI) is known to produce structural disorder and localized strain in the 
lattice. On its passage through a material a high energy heavy ion loses its 
energy by two ways; inelastic energy loss due to electronic excitation (i.e. 
electronic energy loss (dE/dx)e) and direct nuclear collision (i.e. nuclear 
energy loss (dE/dx)n). For swift heavy ion irradiation (SHI), nuclear energy 
loss is a few order of magnitudes lower than the electronic energy loss. 
Therefore, almost all the energy loss can be considered due to electronic 
excitations, provided the thickness of the material is less than the stopping 
range of the heavy ion. The electronic energy loss (dE/dx)e and the 
stopping range depend on the characteristics of incident ion (atomic 
number Zi, atomic mass M and ion energy E) and the target material 
(composition, structural density, atomic number and atomic mass of each 
constituent of the target material). When highly charged energetic ion 
passes through the material, the neighbouring target atoms get positively 
charged via electronic interactions and repel each other. The time spent by 
1 7 
the energetic ion at a particular site is very short (-10" sec.) as compared 
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to recombination time. Thus a long cylindrical channel of charged ions 
would be produced by SHI that will explode radially due to the conversion 
of electrostatic energy to radial movement of atoms under the Coulomb 
repulsive force until the ions are screened by the conduction electrons. This 
results in the shock wave generation in materials. This explanation is 
termed as Coulomb explosion model [5]. The second competitive process is 
the thermal spike model [6]. 
According to this the kinetic energy of the ejected electron is 
transmitted to the lattice via electron-phonon interaction in a way very 
efficient to increase the local temperature of the lattice above the melting 
temperature. The increase of temperature followed by a rapid quenching 
(lO'^-lO''* K/sec) results in an amorphized columnar structure when the 
melt solidifies. Both the processes are inseparable. The cylindrical shock 
waves generate strain in the lattice around the ion track and the presence of 
a thermal spike creates the amorphized columnar tracks. This can be used 
to create strain in the materials by controlling the ion fluence. 
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Chapter 3 
Structural Analysis of Ce doped LaMnOs 
63 
Introduction 
In this chapter we discuss the interpretation of our studies on the 
structural aspects of Lai-xCcxMnOs (x = 0.0 to 1.0). The powder x-ray 
diffraction (XRD) patterns of the whole series of Lai-xCCxMnOa have been 
recorded at room temperature. The lattice parameters and the unit cell 
volume of all the samples have been calculated. The tolerance factor is 
plotted as a function of Ba and Ce concentration to show the deviation 
from the cubic symmetry. We have also grown the thin film of one of the 
composition (Lao vCco sMnOs). As in the case of hole doped system this 
particular composition exhibits the maximum magnetoresistance and a 
higher transition temperature. We irradiated this film with a 200 MeV Au 
ion beam of different fluence values to study the effect of swift heavy ion 
irradiation on the structural aspect of the film of Lao TCeojMnOs. X-ray 
absorption spectroscopy (XAS) experiments have been performed at 0-K, 
Mn L3,2 and Ce Ms^-edges. The 0-K edge spectra of Lao vCaojMnOs and 
Lao 7Ceo jMnOs have been compared to make out difference in the 
behaviour of the hole and electron doped systems. The spectra at Mn and 
Ce edges are also recorded to determine the valence state of Mn and Ce in 
Lao7Ceo.3Mn03. 
3.1 The Structural Analysis (Bulk Samples) 
The analysis of the powder XRD patterns (see Fig 3.1) at room 
temperature shows that all the samples are formed in the single phase 
structure with the orthorhombic crystal symmetry. The lattice parameters of 
LaMnOs change considerably with Ce doping.* The variation of the lattice 
parameters and the unit cell volume with Ce concentration are shown in 
Fig.3.2. 
' Published in Pramana; 58, 1045 (2002). 
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Fig. 3.1 XRD pallerns of Loi^^CexMnO} (x=0.0 to 1.0) at room temperature. 
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The value of a-parameter decreases with increase in Ce concentration and 
reaches a value of 4.701 A for CeMnOs while for LaMnOs its value is 
5.582 A. 
/ 0.2 04 06 
Ce concentration 
Fig. 3.2 The variation of lattice parameters and cell volume with Ce 
concentration. 
There is a slight increase in b-parameter on 10% Ce doping but 
further doping results in decrease, which continues up to the end member 
of the series CeMnOs. It is to be noted that values of b remain higher than 
that for the undoped sample up to 60% Ce doping. The c-parameter 
decreases on doping from x = 0.0 to 0.8. This decrease is gradual as 
compared to that for 'a ' and 'b ' . The c parameter shows a larger value for 
Lao iCeogMnOj, but it decreases again for CeMnOs. We observed no peak 
for CeMnOj at angles below 49.8°. The unit cell volume decreases with 
increase in the Ce concentration, obviously due to the size mismatch of La 
and Ce ions. We summarize all these observations in Table 3.1. We fitted 
all these lattice parameters with the help of PDPll software available for 
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the fitting of the lattice parameters. The maximum deviation that occurred 
between the observed and calculated values of the interplanar spacing (d 
value) remains below 0.04 A, while in most of the cases there is hardly any 
difference between the two values. The observed and calculated d values at 
different 29 values for Lai.xCexMn03 (x = 0.0 to 1.0) are tabulated in 
fables 3.2 to 3.12. 
Table 3.1 The lattice parameters and the unit cell volume for different 
compositions of Lai.xCe^MnOi 
Composition 
LaMnOs 
Lao gCeo iMnOs 
Lao8Ceo2Mn03 
Lao TCCO sMnOs 
Lao6Ceo4Mn03 
LaosCeo.sMnOs 
Lao4Ceo.6Mn03 
LaojCeo.yMnOs 
Lao 2Ceo.8Mn03 
Lao iCeo9Mn03 
CeMnOj 
Crystal 
Symmetry 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
a (A) 
5.582 
4.914 
4.814 
4.801 
4.768 
4.756 
4.782 
4.774 
4.739 
4.735 
4.701 
b(A) 
5.515 
5.625 
5.622 
5.582 
5.572 
5.553 
5.516 
5.509 
5.412 
5.364 
5.298 
c(A) 
7.763 
7.748 
7.742 
7.701 
7.685 
7.656 
7.641 
7.637 
7.624 
7.672 
7.657 
Unit cell 
vo lume (A^) 
238.982 
214.164 
209.532 
206.381 
204.170 
202.196 
201.551 
200.853 
195.536 
194.858 
190.705 
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Table 3.2 The observed and calculated interplanar distances at different 29 
values for LaMnOj 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
20 (degrees) 
23.0 
32.8 
40.2 
47.0 
58.2 
58.6 
68.2 
68.6 
77.8 
78.2 
78.8 
0(degrees) 
11.5 
16.4 
20.1 
23.5 
29.1 
29.3 
34.1 
34.3 
38.9 
39.1 
39.4 
hkl 
002 
020 
112 
022 
004 
024 
223 
040 
401 
403 
116 
421 
225 
241 
043 
dobs.(A) 
3.867 
2.731 
2.243 
1.934 
1.585 
1.575 
1.375 
1.368 
1.227 
1.222 
1.214 
dcal.(A) 
3.882 
2.757 
2.771 
2.248 
1.941 
1.587 
1.563 
1.379 
1.373 
1.228 
1.229 
1.229 
1.217 
1.221 
1.216 
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Table 3.3 The cbserved and calculated interplanar distances at different 20 
values for Lao.9Ceo.iMn03 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
2G (degrees) 
33.8 
34.2 
41.4 
48.2 
57.8 
59.4 
60.0 
69.0 
69.4 
69.8 
70.0 
79.0 
0(degrees) 
16.9 
17.1 
20.7 
24.1 
28.9 
29.7 
30.0 
34.5 
34.7 
34.9 
35.0 
39.5 
hkl 
112 
021 
211 
030 
132 
024 
005 
311 
025 
140 
034 
313 
401 
dobs.(A) 
2.652 
2.622 
2.181 
1.888 
1.595 
1.556 
1.542 
1.361 
1.354 
1.347 
1.344 
1.212 
dcal.(A) 
2.676 
2.644 
2.162 
1.875 
1.596 
1.595 
1.550 
1.541 
1.357 
1.352 
1.347 
1.343 
1.213 
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Table 3.4 The observed and calculated interplanar distances at different 26 
values for Lao.sCeo.jMnOi 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
• 
26 (degrees) 
29.8 
33.4 
33.8 
47.8 
48.6 
57.4 
59.0 
59.4 
69.4 
6(degrees) 
14.9 
16.7 
16.9 
23.9 
24.3 
28.7 
29.5 
29.7 
34.7 
hkl 
102 
112 
021 
023 
030 
300 
301 
005 
140 
025 
dobs.(A) 
2.998 
2.683 
2.652 
1.903 
1.874 
1.606 
1.566 
1.556 
1.354 
dcal.(A) 
3.016 
2.658 
2.642 
1.901 
1.874 
1.605 
1.571 
1.548 
1.349 
1.356 
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Table 3.5 The observed and calculated interplanar distances at different 26 
values for Lao.TCeojMnOs 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
26 (degrees) 
29.8 
33.6 
34.0 
48.0 
48.8 
57.6 
58.6 
59.2 
60.0 
69.8 
6(degrees) 
14.9 
16.8 
17.0 
24.0 
24.4 
28.8 
29.3 
29.6 
30.0 
34.9 
hkl 
102 
112 
021 
023 
030 
300 
132 
301 
310 
005 
025 
dobs.(A) 
2.998 
2.668 
2.637 
1.896 
1.866 
1.600 
1.575 
1.561 
1.542 
1.348 
dcal.(A) 
3.004 
2.645 
2.624 
1.889 
1.861 
1.600 
1.582 
1.567 
1.538 
1.540 
1.349 
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Table 3.6 The observed and calculated interplanar distances at different 20 
values for Lao <;Ceo.4Mn03 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
20 (degrees) 
29.8 
34.0 
41.4 
48.0 
48.8 
52.4 
57.6 
59.2 
69.2 
78.0 
79.0 
0(degrees) 
14.9 
17.0 
20.7 
24.0 
24.4 
26.2 
28.8 
29.6 
34.6 
39.0 
39.5 
hkl 
102 
021 
112 
210 
212 
023 
030 
203 
300 
301 
321 
043 
304 
330 
dobs(A) 
2.998 
2.637 
2.181 
1.896 
1.866 
1.746 
1.600 
1.561 
1.358 
1.225 
1.212 
! d.3i(A) 
2.991 
1 
' 2.619 
2.636 
2.192 
1.904 
1.885 
1.857 
1.745 
1.589 
1.556 
1.359 
1.224 
1.224 
1.208 
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Table 3.7 The observed and calculated interplanar distances at different 29 
values for LaosCcosMnOi 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
26 (degrees) 
30.0 
34.2 
34.6 
48.2 
49.0 
57.8 
59.4 
69.8 
78.0 
78.6 
8(degrees) 
15.0 
17.1 
17.3 
24.1 
24.5 
28.9 
29.7 
34.9 
39.0 
39.3 
hkl 
102 
112 
021 
023 
030 
300 
301 
303 
304 
043 
dobs.(A) 
2.978 
2.622 
2.593 
1.888 
1.859 
1.595 
1.556 
1.348 
1.225 
1.217 
dcai.(A) 
2.982 
2.627 
2.610 
1.879 
1.851 
1.585 
1.552 
1.346 
1.221 
1.220 
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Table 3.8 The observed and calculated interplanar distances at different 20 
values for Lao.4Ceo.6Mn03 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
20 (degrees) 
! 29.6 
33.8 
34.2 
48.0 
48.6 
57.4 
59.0 
69.6 
70.6 
71.0 
79.8 
80.0 
0(degrees) 
i 1 
! 14.8 
16.9 
17.1 
24.0 
24.3 
28.7 
29.5 
34.8 
35.3 
35.5 
39.9 
40.0 
hkl 
1 
i 102 
112 
021 
212 
023 
300 
132 
301 
303 
025 
140 
034 
116 
400 
330 
dobs.(A) 
i 3.018 
2.652 
2.622 
1.896 
1.874 
1.606 
1.566 
1.351 
1.334 
1.327 
1.202 
1.199 
dcal.(A) 
2.985 
2.625 
2.594 
1.902 
1.871 
1.594 
1.560 
1.566 
1.351 
1.337 
1.325 
1.325 
1.201 
1.196 
1.204 
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Table 3.9 The observed and calculated interplanar distances at different 20 
values for LaojCeojIVInOj 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
29 (degrees) 
29.8 
34.0 
34.2 
48.0 
48.6 
57.6 
59.2 
60.2 
70.4 
77.8 
80.0 
e(degrees) 
14.9 
17.0 
17.1 
24.0 
24.3 
28.8 
29.6 
30.1 
35.2 
38.9 
40.0 
hkl 
102 
112 
021 
212 
023 
300 
301 
132 
310 
025 
106 
116 
dobs.(A) 
2.998 
2.637 
2.622 
1.896 
1.874 
1.600 
1.561 
1.537 
1.337 
1.228 
1.199 
dcal(A) 
2.982 
2.622 
2.591 
1.900 
1.870 
1.591 
1.557 
1.564 
1.528 
1.335 
1.230 
1.200 
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Table 3.10 The observed and calculated interplanar distances at different 29 
values for Lao.iCeo.sMnOs 
S.No. 
1 
2 
3 
4 
29 (degrees) 
30.4 
49.4 
58.0 
78.4 
9(degrees) 
15.2 
24.7 
29.0 
39.2 
hkl 
102 
023 
300 
304 
dobs.(A) 
2.941 
1.845 
1.590 
1.220 
dcal.(A) 
2.970 
1.852 
1.580 
1.216 
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Table 3.11 The observed and calculated interplanar distances at different 20 
values for Lao.iCco.gMnOs 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
20 (degrees) 
29.6 
34.0 
48.6 
57.4 
60.2 
61.0 
70.4 
77.6 
77.8 
80.0 
©(degrees) 
14.8 
17.0 
24.3 
28.7 
30.1 
30.5 
35.2 
38.8 
39.9 
40.0 
hkl 
102 
112 
212 
222 
132 
005 
310 
321 
232 
106 
142 
116 
dobs.(A) 
3.018 
2.637 
1.874 
1.606 
1.537 
1.519 
1.338 
1.230 
1.228 
1.200 
dcal.(A) 
2.981 
2.605 
1.886 
1.611 
1.533 
1.534 
1.514 
1.339 
1.337 
1.234 
1.223 
1.203 
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Table 3.12 The observed and calculated interplanar distances at different 29 
values for CeMnOj 
S.No. 
1 
2 
3 
4 
5 
29 (degrees) 
49.8 
58.6 
71.4 
78.6 
78.8 
©(degrees) 
24.9 
29.3 
35.7 
39.3 
39.4 
hki 
023 
300 
040 
232 
304 
142 
dobs.(A) 
1.831 
1.576 
1.321 
1.217 
1.215 
cicai.(A) 
1.838 
1.567 
1.325 
1.325 
1.213 
1.210 
As reported in literature, under similar conditions for similar compositions, 
the divalent cation doped LaMnOs shows the cubic symmetry. But the Ce 
doped LaMnOs shows the orthorhombic symmetry. This may be due to the 
valence fluctuation and the size differences in the A sublattice ions in 
Lai.xCexMnOs compounds. To highlight this, we have calculated the 
tolerance factor, t = (rA+ro)/(rn+ro) V2 as a function of Ba and Ce 
concentration (Fig.3.3). The tolerance factor t for the increasing Ba ion 
substitution approaches unity and with increasing Ce content it decreases. 
It is a general conjecture that when t is less than unity the system deviates 
from the cubic structure and preferably assumes tetragonal or orthorhombic 
symmetry. The earlier reports on the XRD pattern of Lao.yCeojMnOs are 
contradictory. Mandal and Das [1]. and Philip and Kutty [2] identified this 
system as orthorhombic. Ganguly et al.[3] and Zhao et al. [4] emphasized 
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the presence of an impurity phase of CeOi to which they attributed the 
three peaks observed by them at 28.47, 47.47 and 56.33". 
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Fig. 3.3 The tolerance factor of Ba and Ce plotted against the concentration. 
In our case the three peaks that lie close to these values are at 29.8, 48.0 
and 57.6°. But we are able to index them on the basis of orthorhombic 
symmetry. 
3.2 The Structural Analysis (Thin Films) 
The XRD pattern of the thin film of Lao yCeo sMnOs recorded at 
room temperature has been shown in Fig 3.4. It is clearly evident from the 
XRD pattern that unirradiated film is highly c-axis oriented. The two 
impurity peaks of Ce02 at 20 values of 33" and 69.4° are present in XRD 
pattern with peak intensity of 7% and 1% respectively of (002) peak of the 
LaQ7CeQ3Mn03 THINFILM 
UNIRRADIATED 
n < LQQyCeQjMnOsTHIN FILM 
IRRADIATED < 
200MeV Au ion 
5X10 
o 
< 
j _ 
20 30 AO ^ 50 ^. , 6 0 , . ,. 7 0 ^ , . 8 0 
of unirradiated and irradiated jilms oj Fig. 3.4 Powder x-ray diffraction patterns 
LaojCeosMnO}. 
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main system. The film is irradiated by 200 MeV Au ion beam of different 
doses of 5 X lO'" ion/cm^ and 1 x lo'^ ion/cml Using the standard TRIM 
program [5] the electronic energy loss (Se) and nuclear energy loss (S,,) for 
200 MeV Au ion are calculated. The value of Se and Sn comes out to be 
18.82 keV/nm and 16.7 eV/nm respectively as shown in Fig.3.5. In the case 
of swift heavy ion S,, is a few order of magnitude lower than Se. Therefore, 
almost all the energy transferred to the material can be considered due to 
Se. provided that the range of the ion is greater than the thickness of the 
material. The range of the ions used in our experiment is found to be 18.4 
^m, which is much larger than the film thickness (300 nm) indicating that 
all the ions pass through the film deep into the substrate. Therefore, the 
observed irradiation effects are to be analyzed as consequences of the ion 
induced electronic energy transfer. Szene's model [6] is used to calculate 
the threshold value of Se for the formation of columnar defects. In the case 
of LaovCeo.sMnOs this value comes out to be 12 keV/nm, which is much 
lower than the Se- Thus, columnar defects are expected to form in the 
irradiated films. On irradiation with 200 MeV Au ion with fluence value of 
5 \ lO'" ion/cm', the impurity peak at 33" is suppressed to as low as to 
even less than 1% peak height of the (002) peak and the impurity peak at 
69.4" vanishes (see Fig.3.4). This connotes that after the* irradiation, the 
thin film tends to be more crystalline. It seems the unreacted Ce02 that is 
present in small amount in unirradiated film decomposes and goes to 
vacant La sites. But on increasing the fluence to 1 x 10 ions/cm the 
intensity of the Ce02 peak present at 20 value of 33" increases and the 
69.4" peak starts to show its presence (see Fig.3.6), which is absent in the 
as deposited film. 
i'rcscnted at Second International Symposium on Advances in Superconductivity & Magnetism: 
Malerials.Mechasnism and Devices held at Mangalore University during 25-28 Sep. 2001. 
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This can be interpreted on the basis of production of the controlled 
columnar amorphization and lattice strain developed around them by swift 
heavy ion irradiation. By irradiating we generate certain amount of 
pressure on the lattice and change the oxygen content in the film at the 
same time. At lower fluence of ions this leads to the observed suppression 
of the impurity peaks in the XRD pattern, an evidence of the stabilization 
of the single phase of the Lao.TCeojMnOs thin film. 
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Fig. 3.5 The electronic and nuclear energy loss in for Lao.jCeo.sMnOs for 200 
MeV Au ion using standard TRIM program. 
While by irradiating the film with higher dose, we create more number of 
the columnar amorphised tracks due to which the amorphised volume 
increases. This results in multiphase formation and increase in the intensity 
of the impurity peaks. 
LAO 
IRRADIATED IOQJC eQ2>^r>0j THIN FILM 
200 MeV A u ION 
FLUENCE = l X 1 0 ' ^ i o n s / c m 2 
Fig. 3.6 Powder x-ray diffraction pattern of Lao. iCeo.iMnOifilm irradiated with 200 Me V 
Au ion beam offluence value 1 x lO'^ ions/cm^. 
3.3 X-ray absorption study 
The electronic structure of manganites close to Fermi level is 
dominated by Mn-3d and 0-2p states. The x-ray absorption stud> at 0-K 
and Mn L3 2 edges is an effective probe to determine the electronic 
structure of manganites. The normalized x-ray absorption spectra (XAS) in 
the region of 0-K-edge for Lao yCeosMnOi and Lao-Can ^MnO;? are shown 
in Fig.3.7.' 
The spectra of MnO, MniOs, and LaMnO^ are also included for a 
comparative study. All these spectra were normalized to have the same area 
in the energy range between 550 and 560 eV (not fully shown in the 
figure), following the standard procedure for the background subtraction. It 
is known that this edge probes mainly the unoccupied states of the 
conduction band with 0-2p character and that the absorption intensity is a 
measure of the degree of covalence [7-9]. These spectra result from the 
superposition of 0-K-edges spectra for the different O atomic positions 
with the differing 0 environments like, La-0, Ce (or Ca)-0, and Mn-0. 
Generally, due to the overlap the fine structures are smeared leading to 
broad spectral features in perovskites. The predominant features in these 
spectra are four distinct regions in the energy region of 525 to 555 eV 
marked as Ai to Di with respect to Lao yCaojMnOs. The near-edge features, 
in general, are attributed to the states of the mixed 0 2p-Mn 3d character 
corresponding to the MnOe octahedra. In perovskites, the crystal-field 
splits the Mn 3d-orbitals into three degenerate t2g-orbitals and two 
degenerate eg-orbitals. The peak at ~ 529 eV in the lower energy region 
marked as Ai, corresponds to photo-excitation of the 0 Is core electrons to 
the hole states with major 0 2p character hybridized with the Mn t2g 
orbitals [10,11]. 
Published in Surface Review and Letters; 9, 1053 (2002). 
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The peak Bj at -532 eV is assigned to the transitions into empty 
bands with majority of the Mn Cg-orbitals. On comparing the spectra of 
LaMn03 and Lao.yCao sMnOi, we observe that the peak Bi is significantly 
different. The doping of Ca makes this peak prominent and leads to the 
overlap of the Mn Cg-and O p- orbitals. The increase in the intensity of 
these two peaks is also ascribed to an electron jump from the ligand. It is 
necessary to consider that these spectra are different \shen compared with 
the reports of Abbate et al., [10,11]. Especially, the peak at 532eV is 
absent; but the spectra are in agreement with studies of Park et al.. in 
similar systems [7]. This may be due to the difference in the resolution, 
which was 0.5 eV in their measurement compared to 0.2 eV in the present 
case. The significant difference in their normal states arises after doping 
with divalent Ca. 
The doping with divalent cation converts the antiferromagnetic 
insulator into the ferromagnetic metal and this appears as a spectroscopic 
signature in the eg band. The peaks Ci and Di at higher energies are 
assigned to La 4d-Ca 3d (534-538 eV) and Mn 4sp (538-548 eV) 
respectively [7,9-11]. Probably, the contribution from La 4d overlaps with 
that from Mn 3d bands. It is evident that the region assigned to Mn 4sp 
states does not change significantly in all these manganites. The spectrum 
of Lao yCe o sMnOs is drastically different from Lao yCao sMnOs, especially 
in the pre-edge region. It may be noted that the pre-peak in many of the 
hole-doped manganites reported in literature lies between 529 to 530 eV 
[7,9-11]. But with Ce doping the energy of this pre-peak is observed to 
shift to 531 eV (shown as dotted line in Fig.3.7). 
In the case of cuprates the pre-peak of 0-K edge in the hole-doped 
system is at 528.5 eV and for the electron doped system, it is at 529.5 eV 
[12,13]. Hence, one may treat the Ce-doped systems as the electron-doped 
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manganites. Correspondingly, the spectral features are shifted to the higher 
energy side except for the structure assigned to the Mn 4sp states. The 
assignment of peaks is still preserved by replacing Ca with the Ce cations; 
but the energy of the pre-edge peak is shifted by about 1 eV. Electrons in 
the Cg orbital exhibit a strong hybridization with 2p orbital of the 
neighbouring oxygen ions as also in the hole-doped manganites. The peaks 
in the higher energy region are distinct and their intensities significantly 
indicate the involvement of the La 5d/4f and Ce 5d/4f states [12,13]. In 
general, the multiple valence states of 3d transition metals can be precisely 
characterized from the XAS of L3 2-edges. The 3d transition metals also 
exhibit a valence specific multiplet structure and a chemical shift toward 
the higher energy losses with an increase in the oxidization state [14,15]. 
The Mn L3_2 XANES spectra of Lao.TCeo.sMnOa, Lao.TCaojMnOs, 
LaMnOs, MnO and Mn203 are shown in Fig.3.8. These spectra show two 
broad multiplet structures L3 and L2 separated by the spin orbit splitting. 
On doping with Ca or Ce ions the changes in the spectra are more clearly 
visible in the L3 region as compared to those in the L2 region. As evident 
from the Fig.3.8, the L3 region comprises of two spectral features A2 and 
B2 and the intensities reflect the valence state. It is known that Mn exists in 
different valence states: 2^ in MnO, 3^ state in Mn203, and 4"^  in Mn02. The 
doping with Ca increases the intensity of B2 more than that of A2 indicating 
an increase or existence of Mn 4^ state. Thus in Lao.yCao.sMnOs the valence 
of Mn ions contains both 3^ and 4^ states, which is in agreement with other 
reports [7,10]. In the case of Lao.TCeo.sMnOs, as evident from the spectral 
features, the valence of Mn ions is reduced to T and 3"^  with no Mn 4"^  
states. The double peak structure in Lao TCCQ 3Mn03 is similar to that in 
MnO and one may qualitatively consider that Mn is in the divalent state. 
These changes can be attributed to variation in the symmetry of the ground 
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state caused by the variation in the valence with Ce doping. In other words, 
electrons are effectively doped into by Ce cations. These results agree with 
the findings of Min et al.[16]. On Ce doping, the double peak structure 
observed is reversed in respect of intensity and the spectral features are 
similar to the superposition of those of MnO and Mn203. The absorption 
spectra of Lao TCCQ sMnOs and CeO: at the Ce Mj^-edge are recorded to 
identify the chemical nature of Ce in Lao TCCQjMnOs and are shown in 
Fig.3.9. The spectral features of Lao yCeojMnOs are very much similar to 
those of Ce02, demonstrating that Ce is in tetravalent state [12,17]. 
These spectra are dominated by intense 3d'°"4r - 3d^4r"" 
transitions, and consist of two well-separated lines at the ~880 eV and 
-899 eV corresponding to 3d5/2 and 3d3/2 positions. The fine structure of 
these spectra are due to the 3d^4f"^ ^ exchange splitting, thus containing 
information of the 4f occupancy of the initial state. The absorption edge of 
the final state with the 3d^4f^  configuration for the initial trivalent state is 5 
eV lower than that of the final state with the 3d^4f' configuration with the 
tetravalent initial state. It is clearly evident from the features B3 and D3 in 
Fig.3.9. The separation between A3 and B3 is 5 eV and so also between C3 
and D3. This splitting is of the same order as observed in other compounds 
of Ce : CeRh3 and Ce02 [17]. However, this feature is absent in purely 
trivalent compounds, e.g. CeAl2. We conclude that Ce goes to the La site 
and has an intermediate valence between 3* and 4^ due to the covalent 
bonding with oxygen neighbours, as in Ce02. Photoelectron spectroscopy 
carried by Kang et al.on Lao.yCeo 3Mn03 have also showed that Ce ions are 
far from being trivalent [18]. 
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Chapter 4 
Electrical and magnetotransport 
properties of Ce doped LaMnOa 
88 
Introduction 
This chapter deals electrical and magnetic properties of Ce doped 
LaMn03 in bulk and thin film forms. The temperature dependence of 
electrical resistivity has been measured for different Ce concentration 
samples down to liquid nitrogen temperature to determine the metal-
insulator transition temperature. Thin films ha\e been irradiated to study 
the effect of Swift Heavy Ion (SHI) irradiation. The resistivity as a 
function of temperature in the presence of a magnetic field is measured to 
observe the magnetoresistance as a function of temperature. These 
materials also exhibit magnetic transition in addition to the metal- insulator 
transition. The temperature dependence of magnetization in the field 
cooling (FC) as well as in the zero field cooling (ZFC) mode has been 
measured to observe the transition temperature (Tc) at which the system 
makes a transition from the antiferromagnetic state to the ferromagnetic 
state. 
4.1 Transport Analysis (Bulk Samples) 
The electrical transport behaviour of Lai-xCexMnOs was first 
observed by Mandal and Das [1]. They measured the resistivity of 
Lao.yCeosMnOa, prepared under different annealing conditions. Their 
resistivity versus temperature plots exhibit a double transition; a shoulder-
like feature and the other as a sharp peak appearing at a higher 
temperature [1]. They show that this shoulder-like feature grows into a 
peak, and its height increases with oxygen overdoping as shown in Fig.4.1. 
Subsequently, Gebhardt et al. [2] also observed the same double peak 
feature where the sharper peak flattens with decreasing Ce concentration 
Fig.4.2. They measured the temperature dependence of resistivity for 
Lai-xCexMnOs (x = 0.2, 0.3, 0.4). We too observed the double as well as a 
broad transition in our samples prepared at 1 100"C, as shown in Fig.4.3. 
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Fig. 4.1 Temperature dependence of resistivity ofLaojCeojMnO} annealed at different 
temperatures. (afterRef 1) 
0 50 100 150 200 250 300 350 
Temperature(K) 
Fig. 4.2 Resistivity versus temperature plots of Lo/.^Ce^MnO} for the three Ce 
doping showing a large increase in the resistivity with an increase in the Ce 
concentration.(after Ref.2) 
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But on reprocessing the samples we could observe only a single 
transition. Our resistivity values are also considerably lower than the 
values reported earlier.* Fig.4.4 shows the temperature dependence of 
resistivity for Lai-xCCxMnOs (x = 0.0, 0.1, 0.2, 0.3, 0.5). We observed no 
metal-insulator transition (MIT) for LaMnOs. The plot, however, flattens at 
lower temperatures that may be due to the ferromagnetic ordering of spins. 
The value of Tc goes on increasing with increasing Ce concentration. The 
transition temperature for Lao yCeo iMnO^ is 274 K, which is the highest 
among the so far reported values. Our measurements do not show the 
double transition. The values are about an order of magnitude lower than 
those reported by earlier workers [1-2]. 
The sample Lao SCCQjMnO^ also shows the metal-insulator transition 
with transition temperature (T^ = 286K) that is very near the room 
temperature. In the case of the hole doped CMR materials the materials 
having 50% divalent cation composition show the charge ordered 
behaviour due to the half-filled state. However, we have observed metal-
insulator transition at a relatively much high temperature in samples with 
50% substitution of Ce. The resistivity value here is also orders of 
magnitude less than the value reported earlier [3]. In the case of 
Lao sCcosMnOs the resistivity shows a plateau region above the transition 
temperature rather than a decrease. The reason for this different behaviour 
may be attributed to a mixed valence value of Ce lying between 3 and 4 as 
also reported for CeO? and Nd2-xCexCu04 [4]. We also measured the 
temperature dependence of resistivity of LaosCcosMnOs prepared at 
different annealing temperatures. The transition temperature (Tc) is found 
• Published in Prainana; 58, 1045 (2002). 
** Presented at Second International Conference on Disordered Materials held at Allahabad during 1-3 Dec. 
2000. 
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annealing temperatures. 
to increase with increasing annealing temperature Fig.4.5. The sample 
annealed at llOOT shows a broad peak at 258 K with the peak resistivity 
at 0.428 ohm-cm while the sample annealed at 1200°C shows a sharper 
peak at a relatively high transition temperature (267 K) with a slightly 
higher peak resistivity (0.667 ohm-cm). But even this value of resistivity is 
an order of magnitude less than some values reported earlier [3]. 
In the third sample annealed at 1250T the peak value of resistivity 
decreased to a considerably low value (0.126 ohm-cm) as compared to the 
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values in other two samples. The transition temperature rises close to the 
room temperature (see Table 4.1). 
Table 4.1 Resistivity values of Lao.sCco.sMnOj annealed at different 
temperatures at peak position ( pxc) and 100 K ( pioo)« 
Annealing 
Temperature("C ) 
1100 
1200 
1250 
Tc(K) 
258 
267 
286 
p^ (ohm-cm) 
Tc ' 
0.428 
0.667 
0.126 
PlOo(ohm-cm) 
0.225 
0.238 
0.038 
Manganites doped with a divalent element do not show any metal-
insulator transition for this particular composition (x = 0.5). They form a 
charge ordered state that is insulating and antiferromagnetic. In contrast to 
this we observe metal-insulator transition in the Ce doped samples. These 
above mentioned experimental observations compel us to re-examine the 
issue of single-phase formation of Ce doped LaMnOs. If we consider that 
the CMR behaviour is just due to the La deficient LaMnOs then a couple of 
questions may arise: (1). Do these materials show a very high transition 
temperature? (2) If the system has Ce02 as an impurity phase, can it lead to 
such a low value of resistivity? Now, if we consider that Ce does not go to 
the structure then for x = 0.5 composition the largest part of the compound 
will be Lao sMnOs-s. If we consider this system to have 50% Mn^^ and 50% 
Mn"*^  i.e. a half filled state then it should not show the metallic nature 
below the transition temperature as observed by us, instead it should show 
either a charge ordered state or the antiferromagnetic insulating behaviour. 
In the manganite systems at high temperature the lattice becomes 
distorted around the electrons in the conduction band and due to the strong 
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electron-phonon interaction small polarons are formed. Above the 
transition temperature (Tc) the thermally activated hopping of these 
polarons plays an important role. In the adiabatic approximation a small 
polaron hopping theory was proposed [5-7], according to which the 
activated conduction follows the relation: 
p(T) = p J exp (Ea/keT) (4.1) 
where ku is Boltzmann constant, Po the resistivity coefficient and Eg is 
activation energy. We fitted the high temperature resistivity data using the 
above relation for Lao xCeo.2Mn03 and Lao.yCeojMnO.^  in Fig.4.6. We also 
fitted the same data as Inp vs 1/T for the same composition in Fig.4.7. 
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Fig.4. 7 In p vs 1000/T plots for Lao.sCc'ojMnOj and LaojCeo.sMnOs. 
The activation energies calculated using plots shown in Fig.4.6 are 
found to be 411.8 meV and 40.3 meV for x = 0.2 and x = 0.3 compositions 
respectively. Mandal and Das[l] and Philip and Kutty [3] also fitted the 
high temperature resistivity data with the same expression (equation 4.1). 
But they reported much higher values for activation energy. Mandal and 
Das reported the value of Eg ~ 181 meV in case of Lao.yCeo.sMnOs and 
Philip and Kutty reported Ea ~ 162 nieV for the same composition. These 
values are much higher in comparison to our calculated value. The metallic 
resistivity data below Tc could be fitted to the expression: 
p = P, + P2T" (4.2) 
with n = 2. Here pi and pi are constants. The temperature dependent term 
accounts for electron-electron, electron-phonon and electron-magnon 
scattering. The resistivity data below the transition temperature fits nicely 
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with equation 4.2 as shown in Fig.4.8. The typical values of pi and p2 are 
for different compositions are given in Table 4.2. 
0 10000 20000 30000 ,40000 50000 60000 70000 
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Fig. 4.8 pvs r plots for Lao fiCeojMnOs, LaojCeo.sMnOj and Lao sCeo.sMnOs-
This fit shows that double exchange interaction plays a major role on the 
CMR behaviour of the Ce doped samples. 
Table 4.2 Resistivity coefficients pi and pi for different compositions 
of Lai.jCejMiiOs. 
S.No 
1 
2 
3 
Composition 
LaogCeoiMnOs 
Lao.yCeosMnOs 
Lao.sCeo.sMnOs 
pi(ohm-cm) 
13.25xlO"^±5.57x10"^ 
7.31x10" ±9.68x10'" 
11.45xlO"^± 6.58x10"'' 
P2(ohm-cm/K') 
7.650xl0""± 1.890x10'** 
4.855xlO"''± 2.583x10'' 
6.301xl0"''± 1.652x10'** 
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4.2 Transport Analysis (Thin Films) 
We d eposited the epitaxial thin films of Lai.xCexMn03 (x = 0.3 and 
0.5) on LaA103 substrate to observe the temperature dependence of 
resistivity and the effect of Swift Heavy Ion (SHI) irradiation on films. We 
irradiated the films of Lao yCeojMnO.^ (deposited at oxygen partial pressure 
of 200 mTorr) and Lao >('eo-^MnO^ with 200 MeV Au ion to study the effect 
of SHI irradiation on electronic transport properties. 
The LaoyCco^MnO, film is irradiated with a fluence value of 
5 X 10 ions/cm". The temperature dependence of resistivity of this 
irradiated film is shown in Fig.4.9, which shows that the transition 
temperature enhances from 265K (in case of unirradiated film) to 273K and 
the resistivity decreases in the entire temperature range of measurement 
(77-300K).* 
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Fig.4.9 Temperature dependence of resistivity of unirradiated and irradiated fdms of 
LaojCeosMnOs-
' Presented at Second International Symposium on Advaces in Superconductivity & Magnetism: Materials. 
Mechanism and Devices held at Mangalore University during Sep.25-28, 2001. 
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But when we irradiated the film with a higher fluence value of 1 x lO'^ 
ions/cm , the value of the transition temperature decreases to 236.7K and 
the peak resistivity rises by an order of magnitude as shown in Fig.4.10. 
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F/X' •/ 10 Temperature dependence of resistivity of unirradiated and irradiated films of 
Luii -i'eoiMnO}. 
At higher values of fluence the film does not remain in single phase 
and goes through multiphase transition, as is evident from the temperature 
dependence of resistivity plot. This is also supported by XRD pattern 
where impurity peaks clearly show their presence after irradiation (see 
Fig.3.6). In the case of Lao sCeo sMnOj irradiation with a dose of fluence 
value 1 X lO'" ions/cm" gives rise to multiphase formation and lowering of 
the transition temperature as shown in Fig.4.11. 
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4.3 Magnetoresistance 
In perovskite manganites the existence of interfaces and grain boundaries 
affect the magnetotransport properties. Some of the manganites in polycrystalline 
form exhibit large magnetoresistance at low field below the transition temperature 
(Tc). Under similar conditions, magnetoresistance in single crystal is either very 
low or totally absent. Although the double exchange mechanism is widely 
believed to be responsible for the colossal magnetoresistance effect, the low field 
magnetoresistance (LFMR) is not attributed to this mechanism. The argument is 
supported by several experimental facts. First, a significant LFMR effect was 
reported in polycrystalline samples instead of single crystals or epitaxial layers. 
Second, one observes large LFMR at a temperature far below the magnetic 
transition temperature point Tc, whereas the maximum CMR occurs around Tc. 
There is no significant anomaly observed around Tc for LFMR. Finally, the LFMR 
shows rapid decay with increasing temperature. All of these new features have 
stimulated intensive research on the physical origin of LFMR. It is believed that 
the LFMR originates from the spin polarized tunneling (SPT) oe spin dependent 
scattering (SDS) as electron fiow through grain boundaries (GBs) in the 
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polycrystalline materials. Such a physical picture is somehow similar to that for a 
ferromagnetic tunnel junction in which an insulating ultra thin layer is sandwiched 
with two magnetic layers. The GBs in polycrystalline manganites play a role as 
thin insulating layer and therefore the electron hopping across GBS depends 
essentially on the GBs themselves and the spin states in the neighbouring magnetic 
layers. 
The transport in granular systems is commonly considered in view of the 
spin polarized tunneling (SPT) proposed by Hwang et al.[8]. According to this 
model, the surface magnetic disorder influences the conductive process strongly. 
Therefore, the magnetotransport behaviour of the granular system is quite different 
from that of the ceramic samples. Two contributions are responsible for the 
transport properties. One is the intrinsic behaviour originating from the double 
exchange interaction between the neigbouring Mn ions. The other is so called 
extrinsic behaviour dominated by a spin polarized tunneling between the 
ferromagnetic grains through an insulating GB barrier [9]. According to the DE 
model, the M-I transition always occurs near the magnetic transition. But for 
granular samples with large number of GBs, the influence of interfaces and 
boundaries should be taken into account. Since a GB is similar to the amorphous 
state, the magnetic configuration on the grain surface is more chaotic than that in 
the core. Thus the antiferromagnetic insulating regions appear near the GBs. Such 
regions do not modify the magnetic transition temperature governed by the 
ferromagnetism of the grain core, but can make the MIT shifit to a lower 
temperature. 
The magnetoresistance (MR) defined as (pn - Po)/po is plotted as a function 
of temperature for La()8Ceo2MnO:, (see Fig.4.12), LaoyCeojMnOs (see Fig.4.13) 
and LaosCeosMnO^ (see Fig.4.15). This value refers to measurements in a low 
magnetic field of 0.2 T. The value of MR is increasing with decreasing 
temperature and rises up to more than 20% at about lOOK. The MR of all the 
samples shows a similar trend. 
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Fig.4.12 Temperature dependence of resistivity of LaosCeojMnOs in the absence of 
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as a function of temperature. 
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These samples (x=0.2 and 0.3) do not show any peak in MR around 
the transition temperature as observed in hole doped samples of same 
composition. But in the case of the thin film of Lao yCeojMnOs we 
observed a peak in MR around the transition temperature as shown in 
Fig.4.14. Our polycrystalline samples show the same type of LFMR as 
discussed above and may be attributes to spin polarized intergranular 
tunneling. 
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F'ig.4.13 Temperature dependence of resistivity in the presence of magnetic field 
and magnetoresistance as a function of temperature in LaojCeojMnOi. 
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Fig.4.15 Temperature dependence of resistivity of Lao.sCeojMnOj in the 
presence of magnetic field and magnetoresistance as a function of tempertature. 
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4.4 Magnetization 
The temperature dependence of magnetization has been recorded for 
La].xCexMn03 (x=0.1 and 0.4) in the zero field cooling (ZFC) and field 
cooling (FC) modes as shown in Fig. (4.16) and (4.17) respectively. Both 
the samples exhibit transition from the antiferromagnetic to the 
ferromagnetic state as the temperature decreases. The higher concentration 
sample (Lao 6Ceo4Mn03) shows the transition at a higher temperature. The 
total magnetization at lower temperatures shows a drop as the Ce 
concentration increases. The total magnetization is about 0.2emu/gm at 
lower temperatures for the sample having 10% Ce doping. The value 
reduces to 0.08 emu/gm in the case of Lao 6Ceo.4Mn03. The samples cooled 
in the presence of magnetic field show higher value of total magnetization 
in comparison to that for zero field cooled samples. The critical 
temperature (Tc) was defined as the mid point (50% point) of the transition 
i.e. where the magnetization attains 50%) of the low temperature value, 
approximately the saturated value. The value of critical temperature 
increases with an increase in Ce concentration. These observations are in 
line with earlier reports [10,11] on magnetization of hole doped 
manganites. A few reports [2,12] on Ce doped LaMnOs in particular 
Lao 7CeojMnOs displayed the same type of feature i.e. a transition from the 
antiferromagnetic state to the ferromagnetic state on cooling the samples. 
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Chapter 5 
Conclusions 
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In this thesis we studied the structural, electrical and magneto-transport 
properties of the Ce doped LaMnOs.We summarize our result in this chapter. 
Structural Properties 
The pure LaMnOs is found to be orthorhombic. On doping with Ce at the La 
site the lattice parameters changed considerably but the doped compounds remain 
in the orthorhombic symmetry. The unit cell volume decreases with the Ce 
concentration and reaches a value of 190.705A^ for end member (CeMnO.^ ) of the 
series, while in case of pure LaMnOs the value is 238.982 A\ The tolerance factor 
calculated for' two different dopant Ba and Ce shows different trends. The 
tolerance factor for the Ba substituted system approaches unity with increase in 
concentration while for Ce substituted system it deviates from unity. This indicates 
the deviation of cubic symmetry towards orthorhombic. 
We observed two peaks of Ce02 of very low intensity in the x-ray 
diffraction pattern of the thin film of Lao yCcojMnOs at room temperature. On 
irradiation with 200 MeV Au ion beam the two peaks almost vanished. This 
compels us to conclude that the little amount of unreacted CeOa that was present 
in the unirradiated film decomposes and film becomes more crystalline. But on 
increasing the fluence the intensity of the impurity peaks increases. This may be 
due the increase in amoiphised volume that resulted into multiphase formation and 
increase in the intensity of the impurity peaks. 
X-ray absorption study at 0-K edge has been performed to compare the so-
called hole doped Lfio vCao.sMnOs with Lao.7Ceo.3Mn03. The spectrum of 
LaovCeosMnOs is considerably different from that of LaoyCao^MnOs especially in 
the pre-edge region. Generally, in case of hole doped manganites systems energy 
of the pre-edge peak lies between 529-530eV. But in case of Ce doped LaMnOs 
this pre-edge peak is found to shift to 531eV. As in case of electron doped 
cuprates the pre-edge peak lies towards high-energy side, on the same lines we can 
treat the Ce doped LaMnOs as the electron doped manganite. The Mn-L3,2 XANES 
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spectrum of LaoyCeoiMnO^ is compared with the spectra of LaMnOs and MnO in 
which Mn exists in 3+ and 2+ states respectively. The spectrum of Lao.yCeo^ MnO.^  
exhibits the combined features as shown by LaMnO^ and MnO. This suggests that 
Mn exists in 2+ and 3+ states. 
The absorption spectra of LaoyCen^MnOs, LaoyCaoiMnO.^  and Ce02 at Ce-
M54 edge are recorded to identify the valence state of Ce in LaoyCeo^MnO.v We 
observed that the spectral features oi' Lao7('C(,3Mn()< arc identical to those of 
Ce02. One may, therefore conclude that Ce substituted for La in LaMnO.^  has an 
intermediate valence state between 3+ and 4+, due to covalent bonding with 
oxygen neighbours as in Ce02. 
On the basis of XANES study of Lao yCeo 3Mn03 at 0-K, Mn-L3.2 and Ce-
M5 4 edges, we conclude that the 0-K edge spectrum does not show a pre-edge 
peak, that is generally present at 528.5-530 eV in divalent cation substituted 
manganites. The most pronounced change upon Ce doping in LaMnOs is the shift 
in the spectral features towards the higher energy side, which is about 1 eV. On 
substitution of divalent cations at the La^ * site, a proportionate amount of Mn^' 
ions convert into Mn"*^  ions. On the other hand, if the La^ ^ ions are partially 
replaced by Ce''* ions, then the corresponding amount of Mn^* ions is expected to 
convert into the divalent state i.e. Mn^*. The Ce ions entering effectively in the La 
site means that electrons are doped into the system, which results in the 
modification of MnOe octahedron. These changes are clearly visible in the Mn-L3 2 
and 0-K edge spectra. The valence and spectral features of Ce in the electron-
doped system are the same as in Ce02. 
Transport Properties (Bulk Samples) 
We measured the temperature dependence of resistivity of Lai-xCexMnO^ 
(x = 0.0 to 1.0) down to liquid nitrogen temperature. We observed the double as 
well as broad transition for the samples prepared at 1100 '^ C. But on reprocessing 
the samples at a higher temperature we could observe only a single transition. 
Generally, the double transition in temperature dependence of resistivity plots is 
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associated with impurity or secondary phase. The single transition indicates to a 
better quality of our samples compared to those synthesized by earlier workers. 
The LaofCeosMnOs also exhibits metal-insulator transition. But the hole doped 
samples for the same concentration display a charge ordered state. The reason for 
this different behaviour may be attributed to a mixed valence state of Ce lying 
between 3 and 4 as also reported for Ce02 and Nd2.xCexCu04. The same is also 
confirmed by the XANES study at Ce-M5.4 edge. 
The X = 0.5 sample is prepared at three different annealing temperatures 
1100,1200 and 1250 °C. This is characterized with temperature dependence of 
resistivity to study the effect of annealing. The transition temperature is found to 
increase with increase in annealing temperature. The peak value of resistivity 
increases slightly for the sample annealed at 1200 °C as compared to that for 
1100 C sample. But even this value is an order of magnitude less than some 
values reported earlier. In the case of the third sample annealed at 1250 ^C the 
peak value of resistivity decreased to a considerably low value as compared to the 
values in other two samples. 
Our higher temperature resistivity data fits well with small polaron hopping 
model. The activation energies calculated on the basis of this fit are found to be 
41.8 and 40.3 meV for Lao8Ceo2Mn03 and Lao yCeojMnOs respectively. The 
values are much lower than those reported earlier. The metallic resistivity data 
below the transition temperature could be fitted to the expression: 
P = Pi + P2T" 
with n = 2. This fit shows that double exchange interaction plays a major role on 
the CMR behaviour of Ce doped samples. 
Electronic Transport properties (Thin films) 
Thin films of Lai.xCexMn03 (x = 0.3 and 0.5) are deposited to study the 
temperature dependence of resistivity and the effect of swift heavy ion irradiation. 
The temperature dependence of resistivity plots of Lao.yCeojMnOs film exhibits 
single transition with transition temperature ~ 265 K. This value of transition 
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temperature is highest among the so far reported values. But on irradiating with 
200 MeV Au ion beam transition temperature enhances to 273 K and resistivity 
decreases in the entire temperature range of measurement ( 77-300 K). But on 
increasing the fluence value, the value of transition temperature decreases and the 
peak resistivity rises by an order of magnitude. On the basis of these results we 
conclude that one can use swift heavy ion irradiation to produce the permanent 
strain in the lattice and manipulate the electronic transport properties of materials 
by generating selective number of defects using proper fluence value of the ion 
beam. 
Magneto-transport properties 
We measured the magnetoresistance of bulk Lai.xCexMnO^ (x = 0.2,0.3 and 
0.5) in the presence of a low magnetic field of 0.2 tesla. The value of magneto-
resistance increases with decrease in temperature down to the lowest measured 
temperature. The highest value of magneto-resistance is found to be 20%. These 
samples do not show any peak in magnetoresistance around the transition 
temperature as observed in hole doped samples. This unusual behaviour in bulk 
samples may be attributed to the presence of grain boundaries. But in the case of 
thin film of Lao yCeojMnOs we observed the peak in the vicinit) of the transition 
temperature. The maximum value of magnetoresistance in the case of thin film 
reaches to more than 25%. As magnetoresistance of thin film is measured in 
magnetic field of 1 tesla, we expect that on increasing the value of magnetic field 
the magnetoresistance may become much higher in bulk form too. Two 
compositions (x = 0.1 and 0.4) have been characterized with temperature 
dependence of magnetization in zero field cooling and field-cooling mode. Both 
the samples show transition from the antiferromagnetic to ferromagnetic state on 
decreasing the temperature. The value of transition temperature is found to be 
higher for the higher concentration sample. A few reports on Lao 7Ceo .^ MnOs also 
exhibit similar type of behaviour. 
I l l 
Our XRD, temperature dependence of resistivit>' and magnetization 
measurements contain sufficient information to suggest that Ce doped LaMn03 
can be formed in single phase under properly controlled conditions. On the basis 
of the results on irradiated samples, we conclude that swift heavy ion irradiation is 
an effective tool to modify the structural and electronic transport properties. 
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